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palavras-chave 
 
Ftalocianinas, ciclodextrinas, porfirinas, [60]fulereno, terapia fotodinâmica, 
células HeLa, solubilidade em água, transferência de energia e electrónica. 
 
resumo 
 
 
A presente dissertação descreve a síntese e o estudo de propriedades 
fotofísicas e biológicas de sistemas baseados em ftalocianinas. Os sistemas 
sintetizados consistem em ftalocianinas contendo unidades de D-galactose, 
ciclodextrinas, [60]fulereno ou porfirinas. 
Na primeira parte da dissertação aborda-se a síntese de ftalocianinas 
substituídas com unidades de D-galactose, com o intuito de serem utilizadas 
como fotossensibilizadores em terapia fotodinâmica. A eficiência de geração 
de oxigénio singuleto induzida pelas glicoftalocianinas, bem como a sua 
actividade fotodinâmica in vitro em células HeLa são avaliadas. Adicionalmente 
são descritos os estudos de MALDI-MS/MS de dois pares de glicoftalocianinas 
isoméricas. 
Numa segunda parte, descrevem-se a síntese e a caracterização de sistemas 
supramoleculares de ftalocianinas ligadas a ciclodextrinas ou [60]fulereno. 
Foram desenvolvidas metodologias sintéticas para obter complexos 
ftalocianínicos de ruténio(II) substituídos axialmente com derivados de 
ciclodextrinas, e complexos ftalocianínicos de zinco(II) ligados covalentemente 
a ciclodextrinas. Descreve-se também a síntese de uma díade ftalocianina-
[60]fulereno. A estratégia sintética envolve um peculiar primeiro passo, uma 
reacção de aminação redutiva, no qual se obtém uma ftalocianina 
funcionalizada com glicina, seguida da habitual reacção de cicloadição 1,3-
dipolar. 
Na terceira parte, abordam-se sistemas dador-aceitador de díades porfirina-
ftalocianina, como modelos promissores para mimetizar sistemas 
fotossintéticos naturais. Diferentes tipos de díades porfirina-ftalocianina, 
ligadas através do grupo fenilo da posição meso ou da posição β-pirrólica da 
porfirina, são sintetizadas e caracterizadas. As abordagens sintéticas 
envolvem reacções de aminação catalisadas por paládio e reacções de 
condensação cruzada de dois ftalonitrilos adequadamente substituídos. 
Também se descrevem processos de transferência de energia e electrónica 
fotoinduzidos que se formam a partir das díades porfirina-ftalocianina. 
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Phthalocyanines, cyclodextrins, porphyrins, [60]fullerene, photodynamic 
therapy, HeLa carcinoma cells, electron and energy transfer. 
 
abstract 
 
This dissertation reports the synthesis and the study of the photophysical and 
biological properties of phthalocyanine-based systems. The systems prepared 
comprise phthalocyanines bearing D-galactose units, cyclodextrins, 
[60]fullerene or porphyrins. 
In the first part, water-soluble phthalocyanines bearing four or eight D-galactose 
units are synthesised to be used as potential photosensitisers in photodynamic 
therapy. The efficiency to generate singlet oxygen, as well as the in vitro 
photodynamic activity on HeLa carcinoma cells induced by the 
glycophthalocyanines are also evaluated. Additionally, MALDI-MS/MS studies 
of two pairs of isomeric glycophthalocyanines are also reported. 
In the second part, the synthesis and characterisation of supramolecular 
assembles of phthalocyanines attached to cyclodextrins or [60]fullerene are 
described. Synthetic methodologies were developed to afford ruthenium(II) 
phthalocyanines bearing axially cyclodextrin derivatives, and zinc(II) 
phthalocyanines covalently connected to cyclodextrins. The synthesis of a 
zinc(II) phthalocyanine-[60]fullerene dyad is also reported. The synthetic 
strategy involve an unusual first step, a reductive amination reaction, leading to 
a phthalocyanine functionalized with a glycine, followed by the standard 1,3-
dipolar cycloaddition reaction. 
In the third part, donor-acceptor arrays based on porphyrin-phthalocyanine 
dyads, which constitute promising models to mimic natural photosynthetic 
systems, are reported. Different types of N-linked porphyrin-phthalocyanine 
dyads, connected either through the meso phenyl group or the β-pyrrolic 
positions of the porphyrin, are synthesised  and characterised. The synthetic 
approaches involve palladium catalysed amination reactions and the classical 
cross-condensation of two differently substituted phthalonitriles. The 
photoinduced energy and electron transfer processes evolving from the 
porphyrin-phthalocyanine dyads are also reported. 
 
 
  
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
palabras clave 
 
Ftalocianinas, ciclodextrinas, porfirinas, [60]fullereno, terapia fotodinámica, 
células carcinoma HeLa, transferencia de energía y electrónica. 
 
resumen 
 
En esta tesis se describe la síntesis y el estudio de las propiedades fotofísicas 
y biológicas de sistemas basados en ftalocianinas. Los sistemas preparados 
contienen ftalocianinas y unidades de D-galactosa, ciclodextrinas, [60]fullereno 
o porfirinas. 
En la primera parte se describe la síntesis de ftalocianinas solubles en agua 
portadoras de cuatro u ocho unidades de D-galactosa, para ser utilizadas como 
potenciales fotosensibilizadores en terapia fotodinámica. También se evalúa la 
eficiencia para generar oxígeno singlete, así como la actividad fotodinámica in 
vivo sobre células carcinoma HeLa inducida por las glicoftalocianinas 
preparadas. Además, se presenta un estudio utilizando la técnica MALDI-
MS/MS de dos pares de glicoftalocianinas isoméras. 
En la segunda parte se describe la síntesis y caracterización de ensamblajes 
supramoleculares de ftalocianinas unidas a ciclodextrinas o [60]fullereno. Se 
han desarrollado metodologías sintéticas para preparar ftalocianinas de rutenio 
(II) portadoras de derivados de ciclodextrina en posición axial, y ftalocianinas 
de zinc (II) unidas covalentemente a ciclodextrinas. También se describe la 
síntesis de diadas ftalocianina de zinc(II)-[60]fullereno. La estrategia sintética 
implica una primera etapa inusual, una reacción de aminación reductora, que 
conduce a una ftalocianina funcionalizada con una glicina, seguida de una 
reacción de cicloadición 1,3-dipolar standard. 
En la tercera parte se describen estructuras dador-aceptor basadas en diadas 
porfirina-ftalocianina, las cuales constituyen modelos prometedores de los 
sistemas fotosintéticos naturales. Se han sintetizado y caracterizado distintos 
tipos de diadas porfirina-ftalocianina unidas a través de átomos de nitrógeno, 
bien conectadas a través del grupo fenilo meso o la posicion β-pirrólica de la 
porfirina. Las aproximaciones sintéticas implican reacciones de aminación 
catalizadas por paladio y las clásicas condensaciones cruzadas de dos 
ftalonitrilos diferentemente sustituidos. También se describen los procesos de 
transferencia de energía y electrónica fotoinducidos que se producen a partir 
de estas diadas porfirina-ftalocianina. 
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Introduction 
 
 A brief overview concerning the subjects studied in this dissertation, namely 
phthalocyanines, cyclodextrins, porphyrins and photodynamic therapy as well as an elucidation of 
some biological and photophysical concepts, are exposed herein. 
 
I. Phthalocyanines 
 Phthalocyanines are synthetic tetrapyrrolic compounds that have been proposed as 
convenient molecular models to study the physicochemical properties of naturally occurring 
tetrapyrrolic macrocycles, like porphyrins.1 Phthalocyanines are planar macrocycles constituted by 
four isoindole units presenting an 18 π-electron system, which is delocalized over an arrangement 
of alternated carbon and nitrogen atoms. A great number of unique properties arise from this 
electronic delocalization, which makes these compounds applicable in different fields, ranging from 
materials science to medicine.2 
 
Historical perspective 
 A phthalocyanine was first observed in 1907, as a by-product during the preparation of 2-
cyanobenzamide. Braun and Tcherniac, working at the South Metropolitan Gas Company 
(London), reported the presence of a dark insoluble material.3 However, no further attention was 
given to the discovery of this compound. Similarly, in 1927, a metal-free and copper(II) 
phthalocyanine were also obtained as by-products during the reaction of 1,2-dibromobenzene with 
copper cyanide in refluxing pyridine. These compounds were described, by de Diesbach and von 
der Weid of Fribourg University, as an exceptionally stable blue material.4 Later in 1928, at the 
Grangemouth plant of Scottish Dyes Ltd., during the industrial preparation of phthalimide from 
phthalic anhydride the formation of a blue-green material was observed, when the glass-lined 
reaction vessel cracked and the outer steel casing was exposed to the reaction.5,6 This material 
was examined by two employees, Dandridge and Dunsworth, whose preliminary studies revealed 
that the iron-containing by-product had potential to be used as an exceptionally stable and 
insoluble pigment. A collaboration between Imperial Chemical Industries (ICI), which acquired 
Scottish Dyes in 1928, and Linstead, led to the full elucidation of the structure of phthalocyanine 
and to the synthesis of some of its metal derivatives.6-11 Linstead conceived the name 
phthalocyanine as a combination of the prefix phthal, originally from naphtha (rock oil), to 
emphasise the association with its various phthalic acid precursors, and cyanine (blue). 
 Academic interest in the synthesis of new phthalocyanine derivatives with tailored 
properties, such as solubility, light absorption, self-association, film-formation, have been the 
challenge of many research groups.12 
Introduction  
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Structure and properties 
 Phthalocyanines have a macrocyclic structure similar to porphyrins (see infra), with four 
nitrogen atoms at the meso positions, linking the four isoindole subunits.13 In Figure 1 is shown the 
structures of metal-free and metallophthalocyanines, as well as the numbering scheme traditionally 
used for phthalocyanine nomenclature. The internal and external positions of the fused benzene 
ring are also commonly known as α- and β-positions, respectively. 
 
Figure 1. Structures of metal-free and metallophthalocyanines. 
 
 Phthalocyanines are planar macrocycles constituted by 42 π-electron delocalized over 40 
atoms. However, the aromaticity is attained by an 18 π-electron system delocalized over the 16 
inner atoms as shown in Figure 2. 
 
Figure 2. Electronic delocalization over phthalocyanines. 
  
 The hydrogen atoms of the central cavity can be replaced by more than 70 elements, 
almost every metal of the periodic table and also some metalloids. The coordination number of the 
square-planar phthalocyanine is four. Therefore, according to the size and the oxidation state of the 
metal, one or two in the case of alkalines, can be inserted into the phthalocyanine core. When the 
metal prefers higher coordination number, pyramidal, tetrahedral or octahedral structures result, 
with one or two axial ligands. The inclusion of different metals allows the tuning of the physical 
properties of these compounds.14 
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 Phthalocyanines have intense absorption bands at long wavelengths (Figure 3A) due to 
the presence of the electronegative nitrogen atoms at the meso positions, and also due to the 
benzene rings on the β-pyrrolic positions, with a consequent expansion of the π-system. 
A         B 
 
Figure 3. A) UV/Vis spectra of a metal-free phthalocyanine (blue) and a metallophthalocyanine (black);
 B) Schematic representation of the energetic levels and transitions (Q and Soret bands) in a 
metallophthalocyanine. 
 
 In fact, the absorption spectrum of metallophthalocyanines shows an intense Q band in the 
visible region that is usually centered at 620-700 nm. This single main band is associated to π-π* 
HOMO-LUMO doubly degenerated transitions (Figure 3B). For metal-free derivatives, the lower 
symmetry of these systems cancels the degeneracy of the molecular orbitals (LUMO) and the Q 
band splits into two components. A less intense band, the Soret band, appears at around 350 nm. 
This band is due to transitions from low-energy occupied orbitals (Figure 3B).14 
 Phthalocyanines are thermally and chemically stable, but the most remarkable feature that 
makes these molecules play an exceptional role in several areas of research is their versatility.15  
Several modifications can be made over the phthalocyanine ring, allowing the modulation of both 
the physical and the chemical properties.16 
 
Synthetic strategies 
 In general, the synthesis of phthalocyanines proceeds via cyclotetramerisation reaction 
involving aromatic ortho-dicarboxylic acid derivatives, such as phthalic acids, phthalonitriles, 
phthalic anhydrides, phthalimides, diiminoisoindolines and o-cyanobenzamides. In addition to 
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phthalic acid derivatives, o-halobenzonitrile and o-dihalobenzenes also give phthalocyanines when 
heated in the presence of cuprous cyanide, probably via the in situ generation of phthalonitrile.1,12 
In Figure 4 is depicted a variety of methods used for the preparation of metallophthalocyanines and 
the synthetic connectivity between precursors. 
 
Figure 4. Synthesis of metallophthalocyanines. Dotted arrow indicate the synthetic connectivity between 
precursors. 
  
 Various mechanisms of phthalocyanine formation have been discussed. The mechanistic 
elucidation arises mainly from the isolated intermediates, since the cyclotetramerisation reactions 
are highly exothermic and occur under harsh conditions, and therefore the classical techniques 
cannot be applied. However, it is clear that both, the electronic and steric effects of substituents 
can have a significant influence on the mechanism and on the outcome of the cyclotetramerisation 
reactions.12 
 In particular, a metallophthalocyanine is formed from precursors via a metal-templated 
cyclotetramerisation reaction. Moreover, metal-free phthalocyanine tend to be prepared via 
demetallation of labile alkali and alkali earth metal complexes, which in turn are formed by the 
reaction of phthalonitriles and other phthalocyanine starting materials with adequate metal 
alcoholates.14 The mechanism of this condensation reaction probably involves a stepwise 
polymerization of phthalocyanine precursors or reactive intermediates, followed by coordination of 
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the central metal ion and ring closure to the macrocycle.17-20 Ring closure is determined not only by 
the metal-template effect of the ion and the inherent stabilization that this coordination implies, but 
also by the thermodynamic stabilization and added aromaticity involved in formation of the 
phthalocyanine macrocycle.12 
 Unsubstituted phthalocyanines are highly insoluble in the more current solvents like 
sulfolane, dimethyl sulfoxide, tetrahydrofuran and N,N-dimethylformamide. The only effective 
solvents are aromatic solvents with high boiling point, such as quinoline and 1-chloronaphthalene, 
or strong inorganic acids, like sulfuric acid. To increase the solubility of phthalocyanines in common 
organic solvents, a wide variety of substituents can be attached either axially or at the periphery of 
the macrocycle. Furthermore, this also permits to alter the electronic structure of the system and 
consequently the properties of the phthalocyanines. The addition of substituents to 
phthalocyanines in order to improve their properties is better controlled using appropriately 
substituted starting materials than adding them to a preexisting macrocycle. The most used 
precursor for substituted phthalocyanine synthesis is the substituted phthalonitrile, or in some 
cases, when the low reactivity of the precursor inhibits the macrocycle formation, 
diiminoisoindolines can be also used.1 
 Particularly, unsymmetrically substituted phthalocyanines are commonly synthesised by 
statistical condensation of appropriately substituted precursors. This is a nonselective method, 
which leads to a mixture of six differently substituted phthalocyanines (Figure 5), not including 
regioisomers when they are possible, thus the use of chromatographic techniques for isolation of 
the desired products is necessary. 
 
Figure 5. Statistical condensation of two phthalonitriles A and B. 
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 Some approaches have been developed toward the increase of the yield of the required 
compounds. In order to favour the formation of phthalocyanines comprising one different and three 
identical isoindole subunits (A3B), appropriate stoichiometric ratios of the two reactants have to be 
employed. Statistical considerations predict that a 3:1 molar ratios afford the desired compounds in 
yields ranging from 10 to 20%.21-23 
 
II. Cyclodextrins 
 Cyclodextrins are naturally occurring cyclic glucose oligomers that play an important role in 
supramolecular chemistry since they are soluble in water, contain a well-defined hydrophobic 
molecular cavity, and can be modified with various functional groups.24,25 Especially the first two 
properties have made cyclodextrins a widespread type of molecule, used as a basis for inclusion 
compounds in research and industry, since the guest molecules are protected from the 
environment. Size-selective complexation can take place due to the well-defined cavities of 
controllable size, and the guest molecules insoluble in water can be made water-soluble by 
cyclodextrin encapsulation; the complexed guest molecules can be released from the hydrophobic 
cavity by competition.26 Modification of the binding properties and the catalytic behaviour of 
cyclodextrins via the introduction of functional groups have been studied by many research 
groups.27 However, chemoselectivity, regioselectivity, and purification of cyclodextrin derivatives 
appear to be the major problems associated with this work.28 
 
History 
 Cyclodextrins, also named cycloglucans, cyclomaltooligoses or cycloamyloses,29 were first 
isolated in 1891 by Villiers30 by the enzymatic cleavage of starch. This result was confirmed by 
Schardinger31 in 1904, who identified the cyclic structure of the glucose oligomers and the enzyme 
responsible for the formation of cyclodextrins (Bacillus macerans). The correct structure of 
cyclodextrins was only published in 1938 by Freudenberg et al.,32 who characterised them as cyclic 
structures of α-1,4-linked glucose units. After this publication it still took some years before the 
molecular weight of the three most important cyclodextrins (α-, β-, γ-cyclodextrin) were 
determined.33-35 After this period scientists like Cramer36  and French37 were the first of a still 
growing group of scientists who investigated and studied the capacity of cyclodextrins to form 
complexes, and investigated their possibilities to be modified. 
 
Structure and physical properties 
 As abovementioned, cyclodextrins are obtained biotechnologically via enzymatic 
degradation of starch, by making use of a glycosyl transferase from Bacillus macerans.37 In this 
process the cleavage of a turn from the starch helix is followed by intramolecular cyclization.26 The 
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three major cyclic oligosaccharides that can be distinguished are α-, β-, and γ-cyclodextrin, 
consisting of six, seven and eight D-glucose units, respectively, attached by α-1,4-linkages (Figure 
6). Each of the chiral glucose units is in the rigid 4C1-chair conformation, giving to the macrocyclic 
structure the shape of a hollow truncated cone. As a consequence, the primary hydroxyls (C(6)-
OH) of the glucose units are located at the narrow face of the torus, and the secondary hydroxyl 
groups (C(2)-OH and C(3)-OH) are at the wider face. The torus is formed by the carbon skeletons 
of the glucose units and the glycosidic oxygen atoms in between those. A schematic view is shown 
in Figure 6. 
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Figure 6. Structure and schematic side view of β-cyclodextrin (top) and general structure of cyclodextrins. 
 
 The rigid, non-polar cavity of the cyclodextrins is formed by the carbon atoms of the 
glucose units, with the hydrogen atoms at C(3) and C(5) pointing into the cavity. The non-bonding 
electron pairs of the glycosidic oxygen are also directed towards the inside of the molecule, giving 
the cavity a Lewis-base character. As all the hydroxyl groups are located at the outside of the 
molecule, cyclodextrins are water-soluble. The C(2)-OH group of the glucose unit in cyclodextrin 
can form a hydrogen bond with C(3)-OH group of a neighbouring unit.38 In this way a belt of 
hydrogen bonds is formed at the secondary face of the molecule, contributing to the rigid structure 
of the cyclodextrins. In the case of β-cyclodextrin this belt is complete (seven hydrogen bonds), 
leading to the lowest solubility in water of the three most common cyclodextrins. 39 The smallest of 
the three, α-cyclodextrin, has an incomplete ring of hydrogen bonds (four of the six possible, 
because one glucopyranose unit is in a distorced position) which has a positive effect on the 
solubility in water.40 Having eight glucose units, γ-cyclodextrin has a more flexible and non-
coplanar structure, leading to the highest solubility in water. 
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 Not only the intramolecular hydrogen bond formation determines the water-solubility of the 
cyclodextrins, but also the formation of large aggregates by intermolecular hydrogen bonding and 
bridging water molecules, as was postulated by Coleman et al.41 The low solubility of β-cyclodextrin 
in water may be explained by an unfavourable structure of the β-cyclodextrin (aggregates) on the 
hydrogen-bonded network of water.42 
 
Applications of cyclodextrins 
 Cyclodextrins and their derivatives have found widespread applications in many fields, 
such as analytical chemistry,43,44 synthetic chemistry,45-48 supramolecular science,49,50 in 
pharmaceutical technology as artificial enzymes,51,52 for molecular recognition,53 chiral 
separation,54-59 as drug delivery systems,60-62 in photodynamic therapy63 and in food industry.44 As 
supramolecular mediators, cyclodextrins have been used for sensing and recognition of 
environmentally and biologically important molecular and ionic species.64-67 Cyclodextrins have 
been used as microscopic reaction vessels and as enzyme models, in which reactions can be 
accelerated or stereochemically controlled due to the rigid hydrophobic molecular cavity and/or the 
presence of appropriate functional groups.68,69 The reduced polarity and the restricted 
microenvironment of the cyclodextrin cavity can influence a number of properties of the guest 
molecule. In pharmacology, cyclodextrins are frequently used to improve the resistance of 
pharmaceuticals to thermal and oxidative degradation, limit side effects, increase solubility, and 
prevent aggregation.70-73  
 
III. Porphyrins 
 Porphyrins are a group of naturally occurring and intensely coloured compounds, whose 
name is drawn from the Greek word porphura, used to describe the colour purple.13,74 These 
molecules are known to be involved in a number of biologically important roles, including oxygen 
transport and photosynthesis, and have applications in a number of fields, ranging from new 
materials to medicine.75-77 
 
Structure 
 Porphyrins, of natural or synthetic origin, are classified as tetrapyrrolic molecules, 
consisting of four pyrrole-type residues linked together through four methine bridges, known as the 
meso positions (Figure 7). 
Introduction  
11 
 
 
Figure 7. Unsubstituted metal-free porphyrin macrocycle with IUPAC numbering systematic nomenclature on 
the  macrocycle. 
 
 The recommendations of the International Union of Pure and Applied Chemistry (IUPAC) 
commission on the nomenclature of tetrapyrroles have been followed.78 In this system, the 24 
macrocycle atoms are numbered from 1 to 24 (Figure 7). Four different types of atoms are present 
in the porphyrin system: the four pyrrole nitrogen atoms (21, 22, 23, 24), the methine bridge 
carbons (5, 10, 15, 20), which are usually named meso carbons and the α- and β-pyrrole carbons, 
which are numbered 1, 4, 6, 9, 11, 14, 16, 19 and 2, 3, 7, 8, 12, 13, 17, 18, respectively. The latter 
abbreviations are also commonly used. 
 
Chemical reactivity 
 Porphyrins are aromatic macrocycles containing a total of 22 conjugated π-electrons, 18 of 
which are incorporated into the delocalization pathway in accord with Hückel's rule for aromaticity 
[4n+2]. Consequently, one or two of the peripheral double bonds of porphyrins can undergo 
addition reactions to form chlorins, bacteriochlorins or isobacteriochlorins, without substantial loss 
of the macrocyclic aromaticity. The β-pyrrolic and meso positions at the porphyrin periphery are 
available to undergo, for example, electrophilic aromatic substitutions (halogenation, formylation, 
nitration).79,80 
 Reactions at the inner nitrogen atoms can also occur, including acid-base, metal insertion, 
alkylation, N-oxide formation and coordination to Lewis acids. The two inner nitrogens can be 
protonated with acids, such as trifluoroacetic acid, affording a dicationic species; on the other hand, 
the inner two protons of a free-base porphyrin can be removed by strong bases such as alkoxides, 
forming a dianionic molecule. The tetradentate anionic species can readily form complexes with a 
wide variety of metals, and the chelated metal ions can adopt a number of different oxidation and 
coordination states. The stability order normally observed for common metalloporphyrins is Fe(III) > 
Pd > Ni > Cu > Co > Zn > Mg > Cd > Hg > Ca. The central metal ions in metalloporphyrins have an 
important inductive effect on the π-electron system of the macrocycle, greatly determining their 
chemical reactivity and biological function.79,81 
 
N
NH N
HN
13
12
8
7
20
15
10
5
1
43
2
18
17
Meso
β-pyrrolic
24
21 22
23
α-pyrrolic
Introduction  
 
12 
 
Electronic properties 
 On account of their highly conjugated skeleton, porphyrins have a characteristic UV/Vis 
spectrum (Figure 8). The spectrum typically consists of an intense, narrow absorption band at 
around 400 nm, known as the Soret or B band, followed by weaker absorptions at longer 
wavelengths (450–700 nm), known as the Q bands.14,74 The number and intensity of the Q bands 
depend on the substitution pattern of the porphyrin and whether it is metallated or not. 
 
Figure 8. UV/Vis spectrum of a metalloporphyrin. 
 
 The Soret band arises from a strong electronic transition from the porphyrin ground state to 
the second excited singlet state (S0 → S2), whereas the Q bands result from a weak transition to 
the first excited singlet state (S0 → S1; Figure 9). 
 
Figure 9. Modified Jablonski energy diagram. 
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Synthetic strategies 
 Synthetic control of the substituents attached at the porphyrin periphery enables porphyrins 
to be designed and tailored for specific applications. In Figure 10 are illustrated two distinct 
patterns of porphyrins; with substituents in β-pyrrolic and in meso positions. While, the β-
substituted porphyrins closely resemble naturally occurring porphyrins, the meso substituted 
porphyrins have no direct biological equivalence. Nevertheless, meso substituted porphyrins 
became comprehensively popular, mainly due to their relatively easy synthetic approaches, and 
also due to the important applications found, for example as biomimetic models in medicine and as 
useful components in materials chemistry.82 
 
Figure 10. Structures of β and meso substituted porphyrins. 
 
 The synthesis of meso substituted porphyrins had its beginning with the work of 
Rothemund in 1935.83 He firstly investigated the synthesis of meso-tetramethylporphyrins by 
reaction of acetaldehyde and pyrrole in methanol at various temperatures. Similar studies were 
performed with other aldehydes, such as formaldehyde, propanal, butanal, benzaldehyde, and 
furan-2-carbaldehyde, by heating a solution of pyrrole and aldehyde in methanol under a nitrogen 
atmosphere in a sealed vessel, either at 90-95 ºC for 30 h or at 140-150 ºC for 24 h, leading to the 
porphyrin formation in very poor yields.84,85 However, a second porphyrinic substance, later 
identified as a chlorin, appeared as contaminant of each reaction product in 10-20% yield, related 
to the porphyrin.85-88 In 1941, Rothemund described in detail the preparative synthesis of 
5,10,15,20-tetraphenylporphyrin (TPP). Heating pyrrole and benzaldehyde in pyridine in a sealed 
vessel at 220 ºC for 48 h, followed by slow cooling over 10-18 h, gave lustrous needles in 7.5-9% 
yield.89 Owing to the features of the Rothemund method, which are reactions performed at high 
concentration and high temperature in a sealed vessel in the absence of an oxidant, its application 
involved the use of relatively robust benzaldehydes. 
 In the mid-1960s, Adler, Longo and coworkers established modifications to the Rothemund 
method. They performed condensations of equimolar quantities of benzaldehyde and pyrrole in 
propanoic acid at reflux for 30 min in an open beaker, yielding 20% of the crystalline porphyrin. 
This approach is now known as the Adler or Adler-Longo method.90 The porphyrin product is often 
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contaminated with 2-10% of chlorin, that is easily removed by treatment with 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ) in refluxing toluene.91,92 
 Several modifications have been made to the solvent and acid-catalysis conditions of the 
Adler-Longo method. The development of an approach for the synthesis of meso substituted 
porphyrins under gentle conditions was motivated by the desire to extend the range of available 
porphyrin model systems. Lindsey93,94 and Gonsalves95 proposed an alternative method to the one 
of Adler-Longo, consisting of a two-step one-flask synthesis. 
  The method of Gonsalves et al. involves the treatment of equimolar quantities of pyrrole 
and adequate aliphatic aldehydes in carbon tetrachloride with trifluoroacetic acid at 60 ºC for 16 h. 
The crude porphyrinogen is isolated and then oxidized, either photochemically in benzene or in 
acetic acid for 3 h, or chemically with DDQ or p-chloranil in benzene/chloroform at 60 ºC for 30 min. 
A variety of meso-tetraalkylporphyrins were obtained by this approach with yields up to 18%.95  
 In the Lindsey approach a solution of pyrrole and adequate benzaldehydes (equimolar 
quantities) in dichloromethane at room temperature is treated with trifluoroacetic acid or boron 
trifluoride etherate for 30 min. Then, in a second step, a stoichiometric quantity of DDQ or p-
chloranil is added, causing the conversion at room temperature of the porphyrinogen to the meso-
tetraarylporphyrin in yields of 35-40%.93,94 
  Later, Gonsalves found that a mixture of nitrobenzene and acetic or propanoic acid was 
extremely efficient in promoting the oxidation of porphyrinogens to porphyrins. A one-step reaction 
of aldehyde with pyrrole at 120 ºC in acetic or propionic acid containing nitrobenzene, afforded the 
corresponding porphyrin in 45% yield. This methodology allowed the preparation of porphyrins 
which could not be obtained or gave extremely low yields in previously reported conditions.96 
 
IV. Photodynamic therapy 
 Photodynamic therapy (PDT) is a treatment where the combination of non-toxic 
photosensitisers (PS), harmless visible light and oxygen is able to produce cytotoxic reactive 
oxygen species (ROS) that kill malignant cells by apoptosis and/or necrosis.97 
 
Historical perspective 
 Light alone or in combination with chemical compounds has been used for a long time to 
induce therapeutic effects. For instance, Psoralens and light were used in ancient India, China and 
Egypt to the treatment of vitiligo, and light alone was often used for the treatment of psoriasis.98 
However, the first experimental evidence of photosensitization was reported, in 1900, from von 
Tappeiner's laboratory by Oscar Raab. This scientist observed that low concentrations of acridines 
in the presence of light could be lethal to the protozoan paramecium.99 The earliest attempts to 
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exploit the phenomenon of photosensitization for potential antitumor therapy were made by 
Jesionek and Tappeiner by light exposure of tumour in the presence of eosin.100 The modern 
interest in PDT as a treatment modality for cancer therapy began around 1960 with Lipson et al. 
and Schwartz et al., who used a fluorescent tumour-localizing mixture of porphyrins termed 
"haematoporphyrin derivative" (HpD).101,102 Since this pioneering work, several compounds, 
including Photofrin® (a purified version of haematoporphyrin derivative, containing a mixture of 
mono-, di- and oligomers of porphyrins), xanthenes, phthalocyanines, cyanines, chlorins, among 
others, have been tested in vitro and in vivo with some degree of success.103 
 
Principles 
 PDT is a treatment for cancer that is based on the use of a photosensitiser that, when 
activated by light of a specific wavelength and in the presence of molecular oxygen, generates 
ROS. These species kill malignant cells by apoptosis and/or necrosis,97 shut down the tumour 
microvasculature, which subsequently deprives the tumour of oxygen and nutrients104,105 and 
stimulate the host immune system.106-108 This therapy can be applied alone or in combination with 
other treatments to complement conventional protocols, such as chemotherapy or radiation therapy 
and has the advantage that can be repeated several times without harming normal body tissue.109 
 PDT is gradually becoming a more widely used medical tool and has received regulatory 
approval for the treatment of a worldwide number of oncological and non-oncological 
pathologies.110,111 This therapy has revealed a great potential for palliative and even curative 
treatment of endoscopically accessible tumors. PDT has been increasingly used for the treatment 
of gastrointestinal and gynaecological neoplasms and also applied in other medical fields like 
ophthalmology for the treatment of ocular diseases, such as neovascular age-related macular 
degeneration, and dermatology for proliferative skin diseases.109 
 In contrast to surgery, radiotherapy and chemotherapy that are immunosuppressive, PDT 
causes acute inflammation, expression of heat-shock proteins, invasion and infiltration of the 
tumours by leukocytes.112-114 In other words, it is known that there are three main mechanisms by 
which PDT mediates tumour destruction. First, the ROS that are generated by PDT can kill tumour 
cells directly. PDT also damages the tumour-associated vasculature, leading to tumour infarction, 
that is death of a tissue due to a local lack of oxygen. Finally, PDT can activate an immune 
response against tumour cells. The relative importance of each mechanism for the overall tumour 
response is yet to be defined. However, it is clear that the combination of all these components is 
required for long-term tumour control.103,115 
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Mechanism of action 
 The treatment consists in the intravenous application of a compound with photosensitizing 
properties (PS), which selectively accumulates in the tumour tissue. Upon illumination with light of 
an appropriate wavelength (generally λ ≥ 600 nm, as the red light penetrates deeper into tissues) 
the PS is excited (E) to its first excited singlet state (1PS*), which rapidly loses its energy via 
intersystem crossing (ISC) to occupy a longer-lived excited triplet state (3PS*). This excited state 
usually has a lifetime in the microsecond range (typically > 0.5 µs), which is sufficient time for 
interaction between the excited PS and the surrounding biomolecules (lipids, proteins, nucleic 
acids, among others). The energy of the excited PS can also be dissipated (leading the PS to the 
ground state) either by thermal decay (internal conversion, IC), emission of fluorescence (F) from 
singlet excited state or phosphorescence (P) from triplet excited state.110,115-117 In Figure 11 is 
shown a modified Jablonski energy diagram, which represents the photochemical reactions 
involved in the mechanism of action of PDT. 
 The excited triplet state can react in two ways, defined as type I and type II mechanisms 
(Figure 12). Briefly, the photosensitization mechanism can proceed either by an electron (and/or 
proton) process, where there is a direct interaction of the excited PS with the cellular substrate 
transferring a hydrogen atom to form radicals, followed by reaction with molecular oxygen (type I 
photoreaction) or, alternatively, by energy transfer reaction (type II photoreaction), where the 
interaction of the molecular oxygen (3O2) with the 3PS* (excited triplet state of the PS) occurs to 
generate a more reactive form of oxygen, the singlet oxygen (1O2) and the ground state 
PS.115,117,118 
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Figure 11. Modified Jablonski energy diagram showing the various modes of excitation and relaxation in a 
photosensitiser: E, excitation; ISC, intersystem crossing; F, fluorescence; P, phosphorescence; IC, internal 
conversion. 
 
 
Figure 12. Type I and type II photoreactions. 
 
 Type I photoreactions are characterised by a dependence on the target-substrate 
concentration. This mechanism involves a hydrogen atom abstract or electron transfer reaction 
hν
Singlet
excited
state
Triplet
excited
state
Ground
state
1PS
3PS*
1PS*
Excitation 
light
E
n
e
r
g
y 3O2
1O2
Substrate
ROS
Type I reaction
Type II reaction
Oxidative
damageICIC
ISC
F PE
Type II photoreactions
3PS* + 3O2 1PS  + 1O2
1O2   +   S Oxidative damage 
Type I photoreactions
3PS*   +   S PS.- +   S.+
PS.- +   3O2 PS      +   O2
.
-
3PS*   +   3O2 PS
.+
+   O2
.
-
S .+ +   3O2 Oxidative damage
S     +   O2
.
- Oxidative damage
Introduction  
 
18 
 
leading to the generation of free radicals and radical ions.119 Such species can react with molecular 
oxygen (3O2) inducing irreparable oxidative cellular damage and lead to the production of reactive 
oxygen species, such as superoxide or hydroxyl radicals, which induces further biological 
destruction.109,110,120 
 In addition, excited PS (3PS*) can transfer energy to the molecular oxygen (3O2) and relax 
to its ground singlet state creating an excited singlet oxygen molecule (1O2). Photochemical 
reactions of this type are known as type II photoreactions and are characterised by a dependence 
on the oxygen concentration.121 Singlet oxygen is a highly toxic activated oxygen molecule, which 
reacts rapidly with numerous biologically important substrates (S) leading to significant oxidative 
damage. Ultimately, these destructive reactions induce cell death through apoptosis or 
necrosis.109,120 
 Both, type I and type II processes can occur simultaneously in competitive pathways. The 
contribution of both types of reactions to cell death depends on several factors including the PS, 
the subcellular localization, the substrate and the presence of oxygen. It is generally accepted that 
type II mechanism predominates during PDT and that singlet oxygen is the most important 
cytotoxic specie produced. However, Foote120 suggested that type I reactions may become more 
dominant under conditions where the PS are highly concentrated, and especially under hypoxic 
conditions. Probably both mechanisms act in harmony in most cases, and both lead to similar 
oxidative damage and free radical chain reactions within the target tissue including cell death and 
tumour destruction.109 
 
Ideal photosensitiser 
 The use of PDT as an anticancer modality requires efficient photosensitisers. An ideal 
photosensitiser must meet the following criteria: (i) to be chemically pure and of known composition 
and maintain a constant composition through treatment; (ii) to be preferentially retained by the 
target tissue; (iii) to elicit minimal dark toxicity and to be only cytotoxic upon photoactivation; (iv) to 
have a high photochemical reactivity with a high quantum yield of long-lived triplet-states, energetic 
enough to produce singlet oxygen; (v) to have strong absorbance with a high molar absortion 
coefficient in the 600-800 nm range, where the tissue penetration of light is at a maximum and 
where the wavelengths of light are still energetic enough to produce singlet oxygen; and (vi) to be 
excreted rapidly from the body to provide low systemic toxicity.118,119,122 
 
Photosensitisers currently in clinical trials or late preclinical development 
 In Table 1 and Figure 13 are depicted some examples of photosensitisers that are under 
clinical trial or already in clinic use. 
Introduction  
19 
 
 
Table 1. Photosensitisers for malignant diseases and their clinical applications. 
 
 The first photosensitiser to gain regulatory approval for clinical PDT was Photofrin®. 
Photofrin® has been approved for the treatment of early-stage and advanced lung cancers, 
superficial gastric cancer, oesophageal adenocarcinoma, cervical cancer and bladder cancer. 
Unfortunately, this PS is far from ideal with the disadvantages of prolonged patient photosensitivity 
and a weak long-wavelength absorption (630 nm). To overcome the disadvantages of the first 
generation of PS, a second generation has been developed and investigated. 
 The second generation of PS, which has absorption mainly from 675 to 800 nm, includes 
Foscan®, Visudyne™, Lutex®, ZnPc CGP55847, Pc4 and Photosense, naphthalocyanine 
derivatives, among others.118,123 The chlorin derivative tetra(m-hydroxyphenyl)chlorine (mTHPC), 
temoporfin (Foscan®) has also been approved in the European Union (EU) for the palliative 
treatment of head and neck cancer. Benzoporphyrin derivative monoacid ring A (BPD-MA) or 
verteporfin (Visudyne™) has been approved for the treatment of neovascular age-related macular 
Photosensitiser Chemical class Trade name Indications 
Date of approval 
and country 
Haematoporphyrin 
derivative (HpD) 
Porphyrin Photofrin® Barrett's oesophagus, lung, bladder, 
gastric and cervical cancers, cervical 
dysplasia 
1993 in Canada. 
Now in more than 
125 countries 
Tetra(m-
hydroxyphenyl) 
chlorin, mTHPC, 
Temoporfin 
Chlorin Foscan® Head, neck, oesophageal, gastric 
and prostate cancers, hyperplasia 
2001 EU 
5-Aminolaevulinic acid 
(ALA) 
Porphyrin Levulan® Actinic keratoses, hair removal, acne, 
non-melanoma skin, oesophageal 
and gastrointestinal cancers. 
1999 in USA and 
2000 EU 
Methyl ALA ester 
(MAL) 
Porphyrin Metvix® Actinic keratoses 2001 in EU 
Hexyl ALA ester Porphyrin Hexvix® Diagnosis of bladder tumours 2005 in EU 
BPD-MA, verteporfin Porphyrin VisudyneTM Macular degeneration, cervical, 
endobronchial, oesophageal, bladder 
and gastric cancers, and brain 
tumours 
2000 in USA , EU 
and Canada 
Lutetium texaphyrin Texaphyrin Lutex® Cervical, prostate and brain tumours Phase II clinical  
trial 
Zinc phthalocyanine Phthalocyanine CGP55847 Squamous cell carcinoma of upper 
aerodigestive tract 
Phase I-III clinical  
trial 
Silicon phthalocyanine Phthalocyanine Pc4 Cutaneous/subcutaneous lesions 
from diverse solid tumour origins and 
sterilization of blood components 
Phase I-III clinical  
trial 
Sulfonated aluminium 
phthalocyanine 
derivatives 
Phthalocyanine Photosense Skin, breast, lung and 
gastrointestinal cancer 
Phase I-III clinical  
trial 
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degeneration and other ocular diseases.103,124 Lutetium texaphyrin, trade named Lutex®, is a non-
porphyrinic photosensitiser currently used in Phase-II clinical trials for the treatment of cancer.125 
Lutex® has been used to treat malignant melanoma126 and also to prevent re-stenosis of vessels 
after cardiac angioplasty,127 for this indication it has been given the trade name Antrin®. A liposomal 
formulation of zinc phthalocyanine (CGP55847) has undergone clinical trials (in Switzerland) 
against squamous cell carcinomas of the upper aerodigestive tract.128,129 A sulfonated aluminium 
phthalocyanine derivative (Photosense) has also entered in clinical trials (in Russia) against skin, 
breast, and lung malignancies and cancer of the gastrointestinal tract.128,130,131 Sulfonation 
significantly increases phthalocyanine solubility in polar solvents including water, circumventing the 
need for alternative delivery vehicles.132,133 A third phthalocyanine under investigation is a silicon 
complex, Pc4. This photosensitiser is being examined for the sterilisation of blood components 
(USA), against human colon, breast, and ovarian cancers and against glioma.134-140 
 
Figure 13. Photosensitisers for PDT. 
 
 More recently, a third generation of PS, based on targeting strategies, such as antibody-
directed photosensitisers, has been developed. The poor solubility of many photosensitisers in 
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aqueous media, particularly at physiological pH, prevents their intravenous delivery directly into the 
bloodstream. Recently, much attention has been focused on the design of systems to effect the 
selectivity and the specificity of the PS in order to enhance cellular uptake.119,141 A number of 
possible delivery strategies have been suggested, ranging from the use of oil-in-water (o/w) 
emulsions to liposomes and nanoparticles as potential carrier vehicles.128,142,143 Although the use of 
these systems may increase the therapeutic effect observed as a result of photodynamic therapy, 
the carrier system may inadvertently decrease the singlet oxygen quantum yield of the 
encapsulated PS. An alternative delivery method which would eliminate this problem is the use of 
targeting moieties. Typical targeting strategies have included the investigation of PS directly 
attached to biologically active molecules such as antibodies.123,144-146 This third generation of PS is 
already showing to be promise (in vitro) against colorectal tumour cells.145 
 Additionally, some PS have been considered for agricultural uses, including herbicides and 
insecticides.114,118,132,147-149 
 
V. Biological concepts 
 Herein, some general considerations related to biological concepts are outlined, in order to 
supply a better understanding of the photoeffects induced on HeLa cells by the photodynamic 
treatments described in chapter 1. 
 
Cell Cycle 
 The cell cycle, also known as cell-division cycle, is a life cycle of a dividing cell. A series of 
events take place in a cell leading to its division and duplication. In eukaryotic cells, cells with 
nucleus, the cell cycle is divided in two periods, interphase and mitotic phase, as illustrated in 
Figure 14. 
 
Figure 14. Overview of the cell cycle. 
 
 Interphase is a stage where the cell grows by producing proteins and cytoplasmic 
organelles, synthesizing DNA and accumulating nutrients needed for the mitotic phase. Interphase 
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is divided into three phases, G1, S and G2, which are not usually morphologically distinguishable. 
However, each phase has a distinct set of specific biochemical processes responsible to prepare 
the cell for initiation of cell division. In the G1 phase, the cell grows and the synthesis of various 
enzymes that are required in S phase occurs. Then the cell enters the S phase, in which the 
amount of DNA in the cell is doubled, due to the replication of the chromosomes. Each  
chromosome has now two (sister) chromatids. During the G2 phase the cell with duplicated 
chromosomes prepares to divide. Significant protein synthesis takes place during this phase, 
mainly involving the production of microtubules, which are required during the process of mitosis. 
 Cells that have temporarily or reversibly stopped dividing are said to have entered a resting 
phase, called G0 phase. During this state the cell has left the cycle from G1 and may remain 
quiescent for long periods of time, possibly indefinitely.150 
 The mitotic phase is a relatively short period of the cell cycle, comparing to the much 
longer interphase. Mitotic phase is the stage by which a cell divides and produces two daughter 
cells from a single parent cell. This period is composed of two coupled processes: mitosis, in which 
occurs the chromosome separation to two daughter cells; and cytokinesis, in which the cytoplasm 
divides forming distinct cells. Mitosis can be divided into four principal stages: prophase, 
metaphase, anaphase and telophase (Figure 15). 
 
Figure 15. Graphical representation of a cell in a late interphase and mitotic phases. 
 
 Briefly, in prophase, the chromatin, that is diffuse in interphase, condenses into 
chromosomes. Each chromosome has duplicated and now consists of two sister chromatids,  
bound together at the centromere. Close to the nucleus are structures called centrosomes, which 
are responsible to coordinate to microtubules. During prometaphase, the nucleus dissolves, and 
microtubules, once have invaded the nuclear space, attach to centromeres. Prometaphase is 
sometimes considered part of prophase. The following stage is the metaphase, here the 
microtubules grow and attach themselves on the chromosomes, and the latter align at the 
equatorial plate, also known as metaphase plate. In anaphase, the centromeres divide and the 
sister chromatids are pulled to opposite poles, while the microtubules shorten. In the last stage of 
mitosis, telophase, the daughter chromosomes arrive at the poles and the microtubules disappear. 
The condensed chromatin expands and the nuclear envelope reappears. Note that cytokinesis has 
already begun; this is a process where the cleavage of furrow formation, contraction and division of 
Prophase Metaphase Anaphase TelophasePrometaphaseLate interphase
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the cytoplasm produces the distinct daughter cells. The end of cytokinesis marks the end of the 
mitotic phase.150 
 
Cytoskeleton 
 The cytoskeleton is a cellular skeleton contained within the cytoplasm. It is a dynamic 
structure, present in all cells, that maintains cell shape, protects the cell, enables cellular motion 
and plays important roles in both intracellular transport and cellular division. In eukaryotic cells, 
there are three main kinds of cytoskeletal filaments: microfilaments or actin filaments, intermediate 
filaments and microtubules.151 
 Actin filaments are most concentrated just beneath the cell membrane, and are responsible 
for resisting tension and maintaining cellular shape, they also participate in some cell-to-cell or cell-
to-matrix junctions. They are also important for cytokinesis, particularly for the formation of the 
cleavage furrow. Intermediate filaments organize the internal tridimensional structure of the cell, 
anchoring organelles and also participate in some cell-to-cell and cell-to-matrix junctions. Like actin 
filaments, they function in the maintenance of cell shape by bearing tension. Microtubules, by 
contrast, resist to compression and are commonly organized by the centrosome.151 
 Immunofluorescence is a technique that consists in the labelling of antibodies or antigens 
with fluorescent dyes, and it is often used to visualize the subcellular distribution of biomolecules of 
interest using a fluorescence microscope. This technique usually employs two sets of antibodies: a 
primary antibody is used against the antigen of interest; a subsequent, secondary, dye-coupled 
antibody, that recognizes the primary antibody, is introduced. 
 
Cellular viability 
 A number of methods have been developed to study cell viability and proliferation in cell 
populations. Cellular damage inevitably results in loss of the ability of the cell to maintain and 
provide energy for metabolic cell function and growth. Metabolic activity assays are based on this 
principle, and usually the mitochondrial activity is measured. For instance, 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay is a standard colorimetric assay to measure the 
activity of enzymes. It can also be used to determine the cytotoxicity of potential medical agents by 
the decrease of the assay performance due to any metabolic dysfunction.152-155 MTT is a water 
soluble tetrazolium salt, which is converted to an insoluble purple formazan by succinate 
dehydrogenase within the mitochondria (Figure 16).  
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Figure 16. Reduction of MTT to formazan. 
 
 Mitochondrial dehydrogenases of viable cells cleave the tetrazolium ring of MTT, yielding 
purple formazan crystals which are insoluble in aqueous solutions and impermeable to the cell 
membranes, therefore it accumulates in healthy cells. The crystals can be dissolved usually either 
in DMSO or in acidified isopropyl alcohol, and the absorbance of this coloured solution can be 
quantified by measuring at a certain wavelength (usually between 500 and 600 nm) with a 
spectrophotometer. The absorption maximum is dependent on the solvent employed.152-155  
 This reduction takes place only when succinate dehydrogenase enzymes are active, and 
therefore conversion can be directly related to the number of viable (living) cells. When the amount 
of purple formazan produced by cells treated with an agent is compared with the one of the 
untreated control cells, the effectiveness of the agent in causing death of cells can be deduced, 
through the production of a dose-response curve. An increase in cell number results in an increase 
in the amount of formazan formed and an increase in absorbance. The use of the MTT method 
does have the limitation of killing the cells during the process.152-155 
 
Mechanisms of cell death 
 Apoptosis and necrosis are two distinct forms of cell death (Figure 17).  
 
Figure 17. Cell death pathways. 
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 Apoptosis is a programmed cell death, which involves a series of biochemical events 
leading to a characteristic cell morphology and death. The morphological changes include 
blebbing, loss of membrane attachment, cell shrinkage, nuclear fragmentation, chromatin 
condensation, and chromosomal DNA fragmentation. When apoptosis occurs, the nucleus and 
cytoplasm of the cell often fragments into membrane-bound apoptotic bodies that are then 
phagocytised by neighbouring cells.156,157 
 In contrast, necrosis is a form of traumatic cell death that results from direct injury to cells. 
Necrosis typically begins with cell swelling, chromatin digestion, disruption of the plasma 
membrane and organelle membranes. Later, necrosis is characterised by extensive DNA 
hydrolysis, vacuolation of the endoplasmic reticulum, organelle breakdown, and cell lysis. The 
release of intracellular content after plasma membrane rupture is the cause of inflammation in 
necrosis.156,157 
 
Cell death analysis 
 TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labelling) assay was 
developed as a method to detect apoptosis in situ by labelling the terminal end of the nucleic acids 
of the degrading DNA. A characteristic of late stage apoptosis is the fragmentation of nuclear 
chromatin, which results in a multitude of 3’-hydroxyl termini of DNA ends. This property permits to 
identify apoptotic cells by labelling the DNA breaks with the polymerase terminal deoxynucleotidyl 
transferase (TdT). This enzyme catalyzes the template-independent addition of 
deoxyribonucleoside triphosphates (dUTP) to the 3’-hydroxyl ends of double- or single-stranded 
DNA. When fluorescent-tagged nucleotides (F-dUTP) are incorporated by TdT, nuclei with 
degrading DNA can be easily detected by standard immunofluorescent techniques. Non-apoptotic 
cells do not incorporate much F-dUTP because of the absence of exposed 3’-hydroxyl DNA end.158 
 Flow cytometry is a technique that simultaneously measures and analyzes multiple 
physical characteristics of single particles, such as cells and chromosomes, as they flow in a fluid 
stream through a beam of light.  It allows simultaneous multiparametric analysis of the physical 
and/or chemical characteristics of up to thousands of particles per second. The properties 
measured include the relative size of the particles, relative granularity or internal complexity and 
relative fluorescence intensity.159  A flow cytometer is able to analyze several thousand of particles 
every second in real time, and also can actively separate and isolate particles having specified 
properties. A flow cytometer is similar to a microscope, but instead of producing an image of the 
cell, flow cytometry offers high-throughput, for a large number of cells, automated quantification of 
set parameters. A distinctive feature of flow cytometry is that it measures fluorescence per cell or 
particle. This contrasts with spectrophotometry, in which the percent absorption and transmission 
of specific wavelengths of light is measured for a bulk volume of sample. 
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 Two of the most popular flow cytometric applications are the measurement of cellular DNA 
content and the analysis of the cell cycle.160 In the field of molecular biology, flow cytometry is 
especially useful when used with fluorescence tagged antibodies. These specific antibodies bind to 
antigens on the target cells and help to give information on the specific characteristics of the cells 
being studied in the cytometer. Propidium Iodide (PI) is the most commonly used fluorescent-dye 
for DNA and cell cycle analysis for flow cytometry. PI also binds to RNA, and is necessary to 
remove the RNA with a nuclease treatment (RNase) for optical DNA resolution, and this way 
distinguish between RNA and DNA staining. The quantification of the content DNA permits us to 
know the distribution of a cell population along the different phases of the cell cycle.161 
 
VI. Photophysical concepts 
 In this section some basic photophysical concepts concerning the photoinduced electron 
an energy transfer processes reported in chapter 3, are introduced.  
 
Basic principles of light absorption 
 An electronic transition consists in the promotion of an electron from an orbital of a 
molecule in the ground state to an unoccupied orbital by absorption of a photon. The molecule is 
then said to be in an excited state. In absorption and fluorescence spectroscopies, two important 
types of orbitals are considered; the highest occupied molecular orbital (HOMO), and the lowest 
unoccupied molecular orbital (LUMO). Both refer to the ground state of the molecule. 
 When one of the two electrons of opposite spins, belonging to a molecular orbital in the 
ground state, is promoted to a molecular orbital of higher energy, its spin is in principle unchanged. 
Consequently, the total spin quantum number remains equal to zero (S = Σsi, si = +1/2 or -1/2). 
Because the multiplicities of both the ground and excited states is equal to 1 (M = 2S + 1), both are 
called singlet state. The corresponding transition is called a singlet–singlet transition. It will be 
shown later that a molecule in a singlet excited state may undergo conversion into a state where 
the promoted electron has changed its spin, existing then two electrons with parallel spins, the total 
spin quantum number is 1 and the multiplicity is 3. Such a state is called a triplet state because it 
corresponds to three states of equal energy. According to Hund's Rule, the triplet state has a lower 
energy than that of the singlet state of the same configuration.162,163 
 
Radiative and non-radiative transitions between electronic states 
 The Perrin-Jablonski diagram (Figure 18) is convenient to visualise, in a simple way, the 
possible radiative and non-radiative transitions between electronic states. The possible processes 
include photon absorption, internal conversion, fluorescence, intersystem crossing, 
phosphorescence, delayed fluorescence and triplet–triplet transitions. Usually the singlet electronic 
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states are denoted S0, for the ground state and S1, S2, Sn for the excited states, and the triplet 
states, T1, T2, Tn. Vibrational levels are associated with each electronic state.162,163 
 
Figure 18. Perrin-Jablonski diagram. 
 
 The absorption of a photon can bring a molecule from S0 to one of the vibrational levels of 
S1, S2, Sn. The subsequent possible de-excitation process is the internal conversion (IC). It is a 
non-radiative transition between two electronic states of the same spin multiplicity. This process is 
followed by a vibrational relaxation towards the lowest vibrational level of the final electronic state. 
From S1, internal conversion to S0 is possible but is less efficient than conversion from S2 to S1, 
because of the much larger energy gap. Therefore, internal conversion from S1 to S0 can compete 
with emission of photons (fluorescence) and intersystem crossing (ISC) to the triplet state, from 
which emission of photons (phosphorescence) can possibly be observed. 
 Emission of photons accompanying the S1→S0 relaxation is called fluorescence. It should 
be emphasized that fluorescence emission occurs from S1 and therefore its characteristics do not 
depend on the excitation wavelength. The fluorescence spectrum is located at higher wavelengths 
(lower energy) than the absorption spectrum because of the energy loss in the excited state due to 
vibrational relaxation. In general, the differences between the vibrational levels are similar in the 
ground and excited states. For this reason, the fluorescence spectrum often resembles the first 
absorption band, and is said to be a mirror image of the absorption spectrum. The gap between the 
maximum of the absorption band and the maximum of fluorescence is called the Stokes shift. 
 A third possible de-excitation process from S1 is intersystem crossing (ISC) toward the T1 
triplet state, followed by other processes. Intersystem crossing is a non-radiative transition between 
two isoenergetic vibrational levels belonging to electronic states of different multiplicities. This 
S1→T1 transition is spin forbidden, but it occurs in a certain number of cases. Heavy atoms 
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influence the generation of the triplet excited state by the so-called heavy atom effect, which leads 
to a higher rate of this process. Non-radiative de-excitation from the triplet state T1, is predominant 
over radiative de-excitation, called phosphorescence. In fact, the transition T1→S0 is forbidden and 
the radiative rate constant is thus very low, but it can be observed because of spin–orbit coupling. 
During such a slow process, the numerous collisions with solvent molecules favor intersystem 
crossing and vibrational relaxation in S0. The phosphorescence spectrum is located at wavelengths 
higher than the fluorescence spectrum, because the energy of the lowest vibrational level of the 
triplet state T1 is lower than that of the singlet state S1. 
 Reverse intersystem crossing T1→S1 can occur when the energy difference between S1 
and T1 is small and when the lifetime of T1 is long enough. This process is known as delayed 
fluorescence and results in emission with the same spectral distribution as normal fluorescence. 
Nevertheless, it has a much longer decay time constant because the molecules stay in the triplet 
state before emitting from S1. This fluorescence emission is thermally activated. 
 
Lifetimes and quantum yields 
 Lifetimes and quantum yields are characteristics of major importance. For instance, the 
fluorescence quantum yield ΦF is the fraction of excited molecules that return to the ground state 
S0 with emission of fluorescence photons. In other words, the fluorescence quantum yield is the 
ratio of the number of emitted photons (over the whole duration of the decay) to the number of 
absorbed photons. Fluorescence quantum yields are usually determined by integration of the 
fluorescence spectrum and subsequent normalization using a standard of known fluorescence 
quantum yield in order to get rid of the instrumental factor.  
 The fluorescence decay time τS is one of the most important characteristics of a fluorescent 
molecule, because it defines the time window of observation of the dynamic phenomena. 
Fluorescence lifetime refers to the average time that a molecule stays in its excited state before 
fluorescing. The nature and the environment of a fluorophore determine its fluorescence lifetime 
and, any factor, such as internal conversion and intersystem crossing, can shorten the 
fluorescence lifetimes as well as the introduction of heavy atoms into the system which favours 
intersystem crossing. 
 
Photoinduced electron and energy transfer 
 As abovementioned, once a molecule is excited by the absorption of a photon, it can return 
to the ground state with emission of fluorescence, but many other pathways for de-excitation are 
also possible, such as internal conversion, intersystem crossing and phosphorescence. However, 
interactions in the excited state with other molecules may also compete with de-excitation (Figure 
19). The main intermolecular photophysical processes responsible for de-excitation of molecules 
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are electron transfer, proton transfer, energy transfer, excimer or exciplex formation. It is interesting 
to note that most of these intermolecular photophysical processes involve a fast transfer process 
from a donor to an acceptor: electron transfer, proton transfer or energy transfer.162 
 
Figure 19. Possible de-excitation pathways of excited molecules. 
 
 The characteristics of fluorescence (decay time and/or fluorescence quantum yield), which 
are affected by any excited state process involving interactions of the excited molecule with its 
close environment, can then provide information on such a microenvironment. It should be noted 
that some excited-state processes (conformational change, electron transfer, proton transfer, 
energy transfer, excimer or exciplex formation) may lead to a fluorescent species, whose emission 
can superimpose that of the initially excited molecule. Such, an emission should be distinguished 
from the primary fluorescence arising from the excited molecule. 
 Photoinduced electron transfer is often responsible for fluorescence quenching. This 
process is involved in many organic photochemical reactions. It plays a major role in 
photosynthesis and in artificial systems for the conversion of solar energy based on photoinduced 
charge separation. Fluorescence quenching experiments provide a useful insight into the electron 
transfer processes occurring in these systems.162 
 The mechanism of energy transfer requires that an excited molecule (D*) emits photons 
which other molecule (A) is capable of absorbing. The rate or probability per unit time of energy 
transfer from D* to produce A* will depend on: the quantum yield of emission by D*; the number of 
A molecules in the path of photons emitted by D*; the light absorbing ability of A; the overlap of the 
emission spectrum of D* and the absorption spectrum of A, with consideration given to the molar 
absorption coefficient of A at the wavelength of overlap.162 
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1. Synthesis, characterisation and in vitro photodynamic activity of water-soluble 
glycophthalocyanines 
 
 In this chapter, the aim of our research is to synthesise water-soluble phthalocyanines to 
be used as potential PDT agents. The synthesis of glycophthalocyanines bearing four or eight D-
galactose units (Figure 20), which are linked to the chromophore by the hydroxyl group located in 
carbon C-6, are presented. MALDI-MS/MS fragmentation studies of the isomeric phthalocyanines 
with four galactose units were performed, in order to identify specific fragmentation pathways that 
allow their differentiation. The incorporation of carbohydrate moieties at the periphery of the 
phthalocyanine macrocycle provided hydrophilicity to the new compounds, which is a useful feature 
for drug administration. Furthermore, the specific affinity of carbohydrates for tumour tissues 
suggests good perspectives for the potential application of such compounds as photosensitisers in 
PDT. The efficiency to generate singlet oxygen, as well as the evaluation of the in vitro 
photodynamic activity on HeLa carcinoma cells induced by the water-soluble glycophthalocyanines 
will be described. 
 
 
Figure 20. Glycophthalocyanines bearing four or eight D-galactose units. 
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1.1. Overview 
 As mentioned before, photodynamic therapy (PDT) is a promising new treatment modality 
for various forms of cancer that has already been accepted in the clinic.103,109,114,116,118,122,164,165 The 
principle of PDT is based on the combination of three elements - light, oxygen and a 
photosensitiser - each component is harmless by itself. The therapy consists in the administration 
of a non-cytotoxic dye known as photosensitiser (PS), which is illuminated with visible light of a 
specific wavelength. The PS absorbs light and converts the molecular oxygen to a range of highly 
reactive oxygen species (ROS) which have been shown to destroy tumours by multifactorial 
mechanisms.109,116,122  
 Recent studies have been focused on the development of new PS with improved 
photophysical and photobiological properties.114 A large number of PS based on porphyrin and 
phthalocyanine derivatives have been tested in vivo and in vitro in PDT experiments.114,118,166 
Although porphyrins have shown excellent results in clinical trials, particularly Photofrin®, its 
features are far from ideal.167,168 Phthalocyanine derivatives exhibit a high molar absorption 
coefficient (ε > 105 M-1 cm-1) in the visible region of the spectrum, mainly in the near-IR region 
where the transparency of the tissue is higher; a long lifetime of the triplet excited state to produce 
efficiently singlet oxygen; and an increased oxidative stability that allows their use as stable 
aqueous solutions. Based on these properties, phthalocyanines have emerged as a promising 
class of PS.164,169-174 The photosensitizing effects of zinc(II) phthalocyanines (ZnPc)  induced by 
photodynamic treatment have been extensively studied.175-179 In fact, ZnPc has proved to be very 
useful for both in vivo treatment of mice tumours180,181 and in vitro for induction of cytotoxic effect 
on several cell lines.167,168,175,176,178,179 Moreover, liposomal ZnPc is being applied in phase I/II of 
clinical trials for the treatment of skin, oropharyngeal, lung, larynux, and gastrointestinal neoplasias, 
as well psioriasis.164 Great scientific attention has been focused on the study of new ZnPc 
derivatives.172,182,183 However, a limitation of this type of compounds is their insolubility in 
physiological fluids due to their hydrophobic skeletons. In order to provide water solubility, neutral 
and ionic phthalocyanines derivatives bearing various polar hydrophilic substituents at the 
periphery have been reported.169,184-188 A suitable combination of hydrophilic and hydrophobic 
substituents or structural elements is required in order to tune the amphiphilicity of the resulting 
conjugates and, then improve tumour uptake.110,114,123,166,172-174 Amphiphilic PS have proved to be 
more photodynamically active since they can localize at the hydrophobic-hydrophilic interfaces in 
membranes and at the surface of proteins. Additionally, amphiphilicity can also affect the degree to 
which a compound aggregates, and so can affect the photophysical properties of the PS, as 
aggregation shortens the triplet-state lifetime and decreases the singlet oxygen quantum yield by 
dissipating the energy through internal conversion.110,123,172 
 A great scientific attention has been focused on the development of novel PS with good 
biodistribution and localization properties towards a more effective photodynamic activity.114,166 It is 
known that cancer cells have increased levels of glucose uptake and glycolysis in order to provide 
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sufficient metabolic energy to sustain their proliferation.189 By taking advantage of this, the 
combination of carbohydrate moieties with macrocycles has attracted considerable interest, with 
the aim of enhancing their cellular uptake and eventually the PDT efficacy.185,186,190,191 Furthermore, 
these carbohydrate units can provide water-solubility to the macrocycles. Countless examples of 
carbohydrate-substituted porphyrins have been described.192 However, the corresponding 
phthalocyanine-carbohydrate conjugates are quite uncommon. The first synthesis of a 
phthalocyanine substituted with four D-glucofuranose moieties was reported by Momenteau.193 
Hanack and co-workers194,195 have prepared “symmetrically” glycosylated ZnPc, where the  
glycoside units are linked through the anomeric carbon and, our group196 has described the 
synthesis of asymmetrical glycophthalocyanines with four D-galactose units linked to the same 
isoindolyl moiety. Recently, Ng and co-workers reported the synthesis of ZnPc bearing four 
isopropylidene protected D-glucose or D-galactose units linked by the 3- or 6-positions, 
respectively.185 The synthesis of silicon(IV) phthalocyanine complexes axially substituted with D-
galactose units have also been described.184 The synthesis of an octasubstituted galactose ZnPc 
was also recently reported by Hanack and co-workers.197 
 
1.2. Synthesis of glycophthalocyanines 
 
  Herein we report the synthesis of glycophthalocyanines with four or eight D-galactose units. 
The carbohydrate units are linked to the macrocycle by the hydroxyl group located in carbon C-6. 
As above referred, the combination of carbohydrate moieties to the phthalocyanine macrocycle 
would afford water-soluble compounds with potential application as PDT agents. 
 
1.2.1. Synthesis of [2,9(10),16(17),23(24)-tetrakis(α/β-D-galactopyranos-6-O-yl) 
phthalocyaninato]zinc(II) (3) 
 
 The synthetic route to achieve the "symmetrical" glycophthalocyanine 3, bearing four D-
galactose units, is shown in Scheme 1. Although phthalocyanines 2 and 3 are a mixture of 
positional  isomers, it will be considered that these compounds have symmetric structures, in order 
to facilitate the discussion of results. 
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Scheme 1. i) NaH, toluene, N2, rt, 21%; ii) ZnCl2, DMAE, N2, 140 ºC, 43%;  iii) TFA/H2O (9:1), rt, 85%. 
 
 The glycophthalonitrile 1 was obtained by nucleophilic substitution of the nitro group in 4-
nitrophthalonitrile by the hydroxyl group of 1,2:3,4-di-O-isopropylidene-α-D-galactopyranose. The 
protected galactopyranose and sodium hydride (NaH) were stirred in dry toluene for 1 h, under 
inert atmosphere, for the formation of the alkoxide ion. Then, 4-nitrophthalonitrile was added and 
the mixture was stirred for 44 h. Other experimental conditions, such as using K2CO3 as base, and 
heating the reaction mixture at 40 ºC, were also studied. However, lower yields were achieved. 
 The work-up of the reaction consisted in the neutralization of the reaction mixture with a 
saturated aqueous solution of citric acid. Then, the organic layer was diluted with dichloromethane, 
washed with brine and water, dried (Na2SO4) and concentrated. The desired compound was 
purified by column chromatography (silica gel) using dichloromethane as the eluent. After 
crystallisation, the glycophthalonitrile 1 was obtained as white needles in 21% yield, and its 
structure was confirmed by NMR and high resolution mass spectrometry (HRMS).  
 The 1H NMR spectrum of phthalonitrile 1 (Figure 21) shows several singlets between δ 1.4-
1.6 ppm attributed to the resonances of the isopropylidene methyl groups. The resonances of 
protons 5' and 6'-H appear as multiplets at δ 4.19-4.24 ppm. The signals of protons 4'-H, 2'-H and 
3'-H emerged as double doublets at δ 4.33 ppm (J = 1.4 and 7.9 Hz), 4.38 ppm (J = 2.5 and 5.0 
Hz) and 4.68 ppm (J = 2.5 and 7.9 Hz), respectively. The doublet at δ 5.57 ppm (J = 5.0 Hz) is 
attributed to the resonance of the 1'-H. The phthalonitrile protons appear at lower field: at δ 7.26 
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ppm (J = 2.6 and 8.8 Hz) appears the double doublet due to the resonance of  5-H, which overlaps 
with the signal of the solvent; at δ 7.34 ppm (J = 2.6 Hz) appears the doublet attributed to the 
resonance of 3-H; and at δ 7.72 ppm (J = 8.8 Hz) appears the doublet due to the resonance of the 
6-H. 
 
Figure 21. 1H NMR spectrum of phthalonitrile 1 in CDCl3. Inset: expansions of the 1H NMR spectrum. 
 
 Tetramerization of 1 in 2-(dimethylamino)ethanol (DMAE) at 140 ºC, in the presence of 
zinc(II) chloride, afforded phthalocyanine 2 in 43% yield as a mixture of positional isomers. 
Subsequent treatment of 2 with aqueous trifluoroacetic acid (TFA) afforded the unprotected Pc 3 in 
84% yield, after being purified by reverse-phase column chromatography using a gradient of 
H2O/THF as the eluent. During the execution of this work the synthesis of the intermediate 
phthalonitrile 1 and the phthalocyanine 2 was published185 following a procedure similar to the one 
described here. Nevertheless, the authors attempted to remove the isopropylidene protecting 
groups of the phthalocyanine 2 by treatment with TFA and water (v/v 9:1) but were unable to purify 
the resulting phthalocyanine 3 either by chromatography or recrystallisation. The 1H NMR spectra 
of 1 and 2 are identical to that already reported.185 The structures of all new compounds were 
confirmed by NMR and UV/Vis spectroscopy and HRMS.  
 The 1H NMR spectra of phthalocyanines 2 and 3 are quite well-defined although they are a 
mixture of isomers. Figure 22 shows the 1H NMR spectrum of phthalocyanine 2 recorded in CDCl3 
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in the presence of a trace amount of pyridine-d5. The resonances of the isopropylidene methyl 
groups appear as multiplets between δ 1.41 and 1.66 ppm. The doublet at δ 5.74 (J = 4.7 Hz)  ppm 
is attributed  to the resonance of proton Gal-1, while the other carbohydrate protons appear as a 
set of two multiplets between δ 4.46 and 4.81 ppm. At δ 7.75-7.78 ppm appear the multiplet due to 
the Pc-β protons and at δ 8.96 ppm appears a doublet  (J = 16 Hz) attributed to the resonances of 
four Pc-α protons and the multiplet at δ 9.29-9.33 ppm is due to the resonances of the other four 
Pc-α protons. 
 
Figure 22. 1H NMR spectrum of glycophthalocyanine 2 in CDCl3 + Py-d5. 
 
 The 1H NMR spectrum of phthalocyanine 3 in DMSO-d6 is shown in Figure 23. The 
deprotection of the carbohydrate moieties was confirmed by the disappearance of the signals due 
to the isopropylidene protons. The resonances of the anomeric OH protons appear between δ 6.4-
6.9 ppm as singlets (these signals disappear when D2O is added). The multiplets at δ 3.4-5.4 ppm 
are due to the resonances of the carbohydrate units, while the phthalocyanine protons appear at 
lower field as a set of three multiplets, two multiplets between δ 8.5 and 9.1 ppm due to the 
resonances of the eight Pc-α protons and a multiplet at δ 7.6 and 7.8 ppm due to the four Pc-β 
protons. 
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Figure 23. 1H NMR spectrum of glycophthalocyanine 3 in DMSO-d6. 
 
1.2.2. Synthesis of  [2,3,9,10,16,17,23,24-octakis-(α/β-D-galactopyranos-6-O-ylmethyl) 
phthalocyaninato]zinc(II) (9) 
  
 The glycophthalocyanine 9 with eight D-galactose units (Scheme 3) was prepared by a 
synthetic route similar to that described above. In this case, the nucleophilic substitution involved 
the bromine atoms of 4,5-bis(bromomethyl)phthalonitrile198 (6) and the hydroxyl group of the D-
galactopyranose units affording the glycophthalonitrile 7. 
 The synthetic methodology followed to prepare 4,5-bis(bromomethyl)phthalonitrile (6) is 
shown in Scheme 2. 
Br
Br BrH2C
CN
CN
BrH2CCN
CN
4 5 6
ii) iii)i)
 
Scheme 2. i) Br2, rt, 55%; ii) CuCN, DMF, reflux, 55%; iii) NBS, AIBN, CCl4, reflux, 25%. 
 
 First, 1,2-dibromo-4,5-dimethylbenzene199 (4) was synthesised by suspending a catalytic 
amount of I2 in o-xylene, followed by the dropwise addition of Br2 at 0 ºC. Following the work-up 
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described in the experimental section, the desired compound was obtained as a crystalline solid in 
55% yield. The structure of this intermediate was confirmed by NMR spectroscopy. 
 In the second step, the 4,5-dimethylphthalonitrile (5) was prepared by Rosenmund-von 
Braun reaction, in which an aryl halide reacts with copper(I) cyanide in a polar high-boiling solvent 
affording the corresponding aryl nitrile.200 The elevated temperatures required for this reaction 
lower the functional group tolerance. Further improvements of the reaction have been reported 
during the last years.201,202 In this case, the cyanation was performed by refluxing 1,2-dibromo-4,5-
methylbenzene (4) and  CuCN in dry DMF, in the presence of  catalytic amount of NaI.  Further 
portions of CuCN were added to the reaction mixture in a period of about 12 h, until the TLC 
confirmed the full conversion of the starting material to the desired compound. The 4,5-
dimethylphthalonitrile (5) was obtained,  after the work-up (see experimental section), in 55% yield 
as a white powder and its structure was confirmed by NMR spectroscopy. 
 Finally, 4,5-bis(bromomethyl)phthalonitrile (6) was prepared by free radical bromination of 
the methyl groups of compound 5. N-Bromosuccinimide (NBS) is one of the most important 
brominating agents, especially for free radical brominations - allylic and benzylic bromination. 
Mechanistic investigations have established that molecular bromine (Br2) is the active halogenating 
agent for reactions using NBS in CCl4. In fact, NBS is considered more advantageous in 
comparison with the use of Br2 for these types of free radical substitution. Br2 is maintained at a low 
concentration throughout the course of reaction by formation from NBS and hydrogen bromide. 
AIBN (2,2'-azobis(2-methylpropionitrile)) is often used as a radical initiator, when heated (> 60 ºC) 
it decomposes in a molecule of nitrogen and two of 2-cyanoprop-2-yl radicals. 
 
 
Figure 24. General mechanism for free radical bromination with NBS. 
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 In Figure 24 is shown the general mechanism for free radical bromination with NBS. The 
small amount of Br˙ then produced by the initiator AIBN (A), initiates the main propagation steps (B 
and C). NBS has a double role, to provide a source of Br2 in low concentration, and to consume the 
liberated HBr by ionic process (D). The consumption of HBr avoids the inhibition of bromination 
(E).203 
 The benzylic bromination was carried out by refluxing 4,5-dimethylphthalonitrile (5) and 2 
equivalents of NBS in CCl4, together with AIBN. 4,5-Bis(bromomethyl)phthalonitrile (6) was 
obtained in 25% yield as a white crystalline solid, after several recrystallisations from ethanol and 
its structure was confirmed by NMR spectroscopy. 
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Scheme 3. i) NaH, toluene, N2, 70 ºC, 27%; ii) ZnCl2, DMAE, N2, 140 ºC, 61%;  iii) TFA/H2O (9:1), rt, 87%. 
 
 As aforementioned, phthalonitrile 7 was obtained by nucleophilic substitution of the two 
bromine atoms by two 1,2:3,4-di-O-isopropylidene-α-D-galactopyranose units. The reaction was 
performed in toluene at 70 ºC in the presence of NaH. After the work-up of the reaction, the desired 
compound was obtained as a white solid in 27% yield and its structure was confirmed by NMR and 
HRMS.  
 The 1H NMR spectrum of phthalonitrile 7 (Figure 25) shows three singlets between δ 1.3 
and 1.5 ppm attributed to the resonances of the isopropylidene methyl groups. The signals due to 
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the carbohydrate protons appear between δ 3.6 and 5.5 ppm. In the aromatic zone only a singlet is 
observed at δ 7.94 ppm corresponding to the two equivalent aromatic protons. 
 
Figure 25. 1H NMR spectrum of phthalonitrile 7 in CDCl3. 
 
 Phthalocyanine 8 was then obtained in 61% yield by the classical phthalocyanine template 
reaction, by tetramerization of phthalonitrile 7 in DMAE at 140 ºC, in the presence of zinc(II) 
chloride. The structure of phthalocyanine 8 was confirmed by NMR and HRMS. 
 In order to minimize the aggregation of the macrocycles, the 1H NMR spectrum of Pc 8 was 
recorded in CDCl3 in the presence of a trace amount of pyridine-d5. The resonances due to the 
isopropylidene methyl groups appear as several singlets at δ 1.2-1.6 ppm. The signals between δ 
4.0 and 5.6 ppm are due to the resonances of the carbohydrate and CH2 protons, and the multiplet 
at lower field (between δ 9.2 and 9.7 ppm) is attributed to the resonances of the α-Pc protons. 
 Finally, treatment of compound 8 with aqueous TFA gave the unprotected Pc 9 in 87% 
yield, after being purified by reverse-phase column chromatography using a gradient of H2O/THF 
as the eluent. Its structure was confirmed by NMR and mass spectrometry. 
 The 1H NMR spectrum of Pc 9 in DMSO-d6 confirms the deprotection of the carbohydrate 
moieties showing no signals due to the isopropylidene protons. The signals corresponding to the 
carbohydrate units and CH2 protons appear in the region δ 3.4-5.2 ppm. The resonances of the 
anomeric OH protons are also well distinguished from the other signals appearing between δ 6.3-
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6.7 ppm as singlets (confirmed by their disappearance when D2O was added). The resonances of 
the eight α-Pc protons appear between δ 8.7-9.3 ppm. 
 
1.2.3. Synthesis of  [1,2,3,4-tetrakis(α/β-D-galactopyranos-6-O-yl)phthalocyaninato] 
zinc(II) (12) 
  
 Phthalocyanine 12 was prepared by a slight different synthetic procedure to the one 
previously published by our group.196 The synthetic route to obtain glycophthalocyanine 12 is 
shown in Scheme 4 and the experimental conditions are described in the experimental section. 
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Scheme 4. i) NaH, toluene, N2, 70 ºC, 41%; ii) Zn(OAc)2, DMAE, N2, 140 ºC, 10%;  iii) TFA/H2O (9:1), rt, 82%. 
 
 The glycophthalonitrile 10 was synthesised by nucleophilic substitution of the four fluorine 
atoms of the tetrafluorophthalonitrile by four 1,2:3,4-di-O-isopropylidene-α-D-galactopyranose units. 
This reaction was performed in toluene at 70 ºC, using NaH as base. Subsequently, 
phthalocyanine 11 was prepared by statistical cross-condensation of phthalonitrile 10 and 1,2-
dicyanobezene in DMAE at 140 ºC, in the presence of zinc(II) acetate. The desired phthalocyanine 
was separated from the symmetrical phthalocyanine (ZnPc), obtained by self-condensation of the 
1,2-dicyanobenzene, by flash chromatography (silica gel) using a 4:1 mixture of hexane/THF as the 
eluent. The asymmetrical phthalocyanine 11 was obtained in 11% yield after being washed with 
methanol. Treatment of 11 with aqueous TFA afforded the unprotected Pc 12 in 82% yield, after 
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being purified by reverse-phase column chromatography using a gradient of water/THF as the 
eluent. The 1H NMR spectra of 10, 11 and 12 are identical to those already reported.196  
 The quite well-defined 1H NMR spectrum of phthalocyanine 11 was recorded in CDCl3 in 
the presence of a trace amount of pyridine-d5 (Figure 26). Multiplets between δ 1.2-1.7 ppm are 
attributed to the resonances of the isopropylidene methyl groups. The two set of multiplets at δ 
4.28-4.91 ppm are due to the resonances of Gal-6-H and Gal-2,4,5-H, respectively.  At δ 5.14 ppm 
appears a doublet (J = 7.7 Hz) due to the resonances of two Gal-2 protons. The two multiplets that 
appear between δ 5.22 and 5.49 ppm are attributed to the resonances of Gal-3 protons; the 
resonances of the Gal-1 protons appear as a set of doublets at δ 5.62 (J = 4.5 Hz) and 5.70 (J = 
4.5 Hz). The phthalocyanine protons appear at lower field as a set of three multiplets, a multiplet at 
δ 8.07-8.14 ppm due to the six Pc-β protons and two multiplets between δ 9.4 and 9.6 ppm due to 
the resonances of the six Pc-α protons. 
 
Figure 26. 1H NMR spectrum of the asymmetric glycophthalocyanine 11 in CDCl3 + Py-d5. 
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1.3. Fragmentation studies of the glycophthalocyanines by MALDI-MS/MS 
 
 Herein, it is reported the MALDI-MS/MS fragmentation of [M+H]+ ion of the isomeric 
phthalocyanines with four galactose units (Figure 27), either with protected (phthalocyanines 2 and 
11) or unprotected hydroxyl groups (phthalocyanines 3 and 12). The MALDI-MS/MS spectra of 
both pair of isomers, were analysed in order to identify specific fragmentation pathways that may 
allow their differentiation and unequivocal identification. Both pair of isomers have the galactose 
units linked by the hydroxyl group located in carbon C-6, but being differently distributed in the 
phthalocyanine macrocycle. The effects of the position of the substituents on the fragmentation 
pathway are discussed here. The fragmentation studies of the glycophthalocyanines by MALDI-
MS/MS were performed at the Mass Spectrometry Centre of the Department of Chemistry in the 
University of Aveiro. 
 
Figure 27. Glycophthalocyanines with isopropylidene protecting groups 2 and 11 and unprotected 3 and 12. 
 
 Mass spectrometry (MS) is a powerful technique to identify unknown compounds and to 
elucidate their structural properties. This method is a suitable approach for the analysis of large 
molecules with intractable nature, providing rapid and efficient identification of complex macrocyclic 
molecules, such as phthalocyanines. The presence of impurities (occlusion of solvents), 
insolubility, involatility, oligomerization or aggregation, and thermal stability are some of the 
problems encountered in the analytical characterisation of phthalocyanines. In fact, the 
characterisation by mass spectrometry of phthalocyanines is scarce, and the few known reports 
are mainly focused on the studies of metal phthalocyanine derivatives by fast atom bombardment 
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(FAB), and matrix assisted laser desorption/ionization-time of flight (MALDI-TOF) mass 
spectrometries.204-211 Limited mass spectral studies on metal phthalocyanine polymers by GC-MS 
have also been reported.212,213  MALDI-TOF mass spectrometry plays an important role in the 
analysis and structural characterisation of a range of compounds, likewise this technique allows the 
direct analysis of mixtures. The major advantage of MALDI is that molecular weight information can 
be obtained on both low and high molecular weight compounds. More detailed information on the 
structure of compounds can be obtained by fragmentation of the molecular ions by collision with an 
inert gas, and successive identification of the product ions in MS/MS spectra. Literature search 
indicates that there are no detailed studies on the MS of glycophthalocyanines so far. The 
fragmentation of protonated molecules, [M+H]+, of phthalocyanines by MALDI-MS/MS will be 
discussed here for the first time. 
 The MALDI mass spectra of the glycophthalocyanines studied (Figure 27) showed the 
presence of the protonated molecules, [M+H]+, at m/z 1611 for compounds  2 and 11, and at m/z 
1289 for 3 and 12. The MALDI-MS/MS spectra of both pair of isomers were obtained in order to 
identify specific fragmentation pathways that allow their differentiation. 
 
 
1.3.1. MALDI-MS/MS of phthalocyanines 2 and 11 with protected D-galactose units 
  
 Figure 28 shows the MALDI-MS/MS of the isomers 2 and 11, bearing four isopropylidene 
protected D-galactose units. Each sugar unit is linked to either a different isoindolyl moiety of the 
phthalocyanine macrocycle (2), corresponding to a symmetric distribution of the four substituents, 
or the four sugar units are linked to the same isoindolyl group (11), corresponding to an odd 
distribution of the four substituents. Although both phthalocyanines have the same substituents, 
differing only on their position, their MS/MS spectra show different fragmentation patterns. 
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A 
 
B 
 
Figure 28. MALDI-MS/MS of [M+H]+ of 2 (A) and 11 (B). 
 
 The results obtained in the MALDI-MS/MS of phthalocyanines 2 and 11 are summarised in 
Table 2. In fact, the symmetric glycophthalocyanine 2 shows in the MS/MS spectrum (Figure 28A) 
the product ion at m/z 1369 (loss of 242 Da), corresponding to the ion [M+H-Prot Gal]+, as the base 
peak of the spectrum. This ion is formed by cleavage of the bond between C-6 and the oxygen of 
the ether bond with the migration of one hydrogen, as proposed in Scheme 5. This behaviour is in 
agreement with the previous studied substituted porphyrins bearing the same sugar units and are 
also in agreement with the typical fragmentation of glycosidic derivatives.214 
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Scheme 5. Proposed fragmentation pathway for the formation of the ion [M+H-Prot Gal]+ (loss of 242 Da). 
  
 Other typical fragmentations of the [M+H]+ ion of compounds containing this protected 
sugar unit were also identified. Particularly, fragmentations that lead to the formation of the ions at 
m/z 1553 and 1495, corresponding respectively to the loss of an acetone molecule (loss of 58 Da) 
and to the combined loss of two acetone molecules (loss of 116 Da). The fragmentation pathway is 
proposed in Scheme 6. 
 
Scheme 6. Proposed fragmentation pathway for the loss of two acetone molecules. 
 
 Cross-ring cleavages typical of sugar units are also observed in the MS/MS spectra. 
Although with low relative abundance (< 5%), the ion [M+H-C10H16O4]+ at m/z 1411 formed by a 
cross-ring 0,4A fragmentation (loss of 200 Da) is detected (Scheme 8, Table 2). The numbers 0,4 
mean that the cross-ring fragment ion is formed by cleavage of the bond between the oxygen and 
C-1, and cleavage of the bond between C-4 and C-5. This nomenclature is in accordance with that 
proposed by Domon and Costello for sugar fragmentation.215  
 
O
O
O
O
OO
CH2
O
O
O
OO
Loss of 242 Da
R
R
R
R =
O
O
O
O
OO
H    or
OH
R
R
R
H
 
O
O
O
O
OO
- CO(CH3)2
- CO(CH3)2
- CO(CH3)2
- CO(CH3)2
and / or
O
OO
OO
O
OO
O
O
O
O
O
O
Chapter 1. Synthesis, characterisation and in vitro photodynamic activity of water-soluble glycophthalocyanines 
49 
 
 In Figure 28 A, the ions at m/z 1311 (loss of 300 Da) and 1127 (loss of 484 Da) were 
attributed respectively to the fragments [M+H-Prot Gal-CO(CH3)2]+ and [M+H-2Prot Gal]+. The ion 
at m/z 1311 results from the combined loss of a protected galactose residue (242 Da) and one 
acetone molecule (58 Da); and the ion at m/z 1127 is due to the combined loss of two protected 
galactose residue (2 x 242 Da). All these fragmentation pathways have been reported to occur in 
the ES-MS/MS of glycoporphyrin derivatives functionalized with galactose units containing 
isopropylidene as the protecting group.216,217 
 Interestingly, the MALDI-MS/MS of the asymmetrical glycophthalocyanine 11 (Figure 28B) 
presents a distinct pattern when compared with isomer 2, showing the most abundant ion at m/z 
1381. In this spectrum, the ion at m/z 1369, the base peak of the MS/MS spectrum of the 
symmetric isomer 2, has a lower relative abundance (40%). Also, in contrast, the ion at m/z 1381 
shows a very low relative abundance (8%, Table 2) in the MALDI-MS/MS of the symmetric isomer 
2. This ion at m/z 1381, corresponds to the loss of a neutral fragment with 230 Da, and was 
identified as [M+H-C11H18O5]+, being probably formed by cleavage of the bond between C-5 and C-
6 of the protected galactose residue, as proposed in Scheme 7. This fragmentation pathway was 
not observed for the glycoporphyrin derivatives containing the same protected sugar unit studied 
afore,216,217 and it is not a typical fragmentation of glycoderivatives under MS/MS conditions.  
 
Scheme 7. Proposed fragmentation pathway for the formation of the ion [M+H-C11H18O5]+ at m/z 1381 by C5-
C6 bond cleavage (loss of 230 Da). 
 
 The peaks at m/z 1369, 1127, 885 and 643 were attributed to the ions [M+H-Prot Gal]+, 
[M+H-2Prot Gal]+, [M+H-3Prot Gal]+ and [M+H-4Prot Gal]+, respectively (Figure 28B). Curiously, 
the combined losses of three and four protected galactose residues are not observed for the 
symmetric glycophthalocyanine 2 (Figure 28A, Table 2). Other fragmentation pathways are 
observed, with the formation of the ions at m/z 1139, 897 and 655, corresponding to the combined 
loss of C11H18O5 (loss of 230 Da) and one, two or three protected galactose residues, respectively.  
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 The typical fragmentations observed due to the presence of isopropylidene moiety, such as 
loss of 58 Da (ion at m/z 1553), and loss of 200 Da (ion at m/z 1411), as well as the combined 
losses of 116 Da (ion at m/z 1495), and loss of 300 Da (ion at m/z 1311), described for the isomer 
2, are also detected to the asymmetrical glycophthalocyanine 11 (Figure 28B, Table 2, Scheme 8). 
 
Scheme 8. Some of the main common fragmentations observed for phthalocyanines 2 and 11. 
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Compound 2 11 
[M+H]+ 1611 1611 
-CO(CH3)2 
(-58 Da) 
1553 
(57) 
1553 
(36) 
-2CO(CH3)2 
(-116 Da) 
1495 
(7) 
1495 
(<5) 
-C10H16O4 
(-200 Da) 
1411 
(<5) 
1411 
(<5) 
-C11H18O5 
(-230 Da) 
1381 
(8) 
1381 
(100) 
-Prot Gal 
(-242 Da) 
1369 
(100) 
1369 
(40) 
-Prot Gal 
-CO(CH3)2 
(-300 Da) 
1311 
(9) 
1311 
(<5) 
-Prot Gal 
-C11H18O5 
(-472 Da) 
- 
1139 
(8) 
-2Prot Gal 
(-484 Da) 
1127 
(9) 
1127 
(17) 
-2Prot Gal 
-C11H18O5 
(-714 Da) 
- 
897 
(<5) 
-3Prot Gal 
(-726 Da) - 
885 
(7) 
-3Prot Gal 
-C11H18O5 
(-956 Da) 
- 
655 
(7) 
-4Prot Gal 
(-968 Da) - 
643 
(21) 
 
Table 2. Main fragment ions observed in MALDI-
MS/MS of the [M+H]+ ions of phthalocyanines 2 
and 11 (normalized to the base peak). 
 
Compound 3 12 
[M+H]+ 1289 1289 
-H2O 
(-18 Da) 
1271 
(23) 
1271 
(31) 
-
0,2A 
(-60 Da) 
1229 
(100) 
1229 
(63) 
-
0,3A 
(-90 Da) 
1199 
(16) 
1199 
(8) 
-
0,3A 
-H2O 
(-108 Da) 
1181 
(25) 
1181 
(<5) 
-
0,4A 
(-120 Da) 
1169 
(33) - 
-C5H10O5 
(150 Da) 
1139 
(9) 
1139 
(41) 
-Gal res 
(-162 Da) 
1127 
(81) 
1127 
(100) 
-Gal res 
-H2O 
(-180 Da) 
1109 
(15) 
1109 
(17) 
-Gal res 
-
0,2A 
(-222 Da) 
1067 
(8) 
1067 
(6) 
-Gal res 
-C5H10O5 
(-312 Da) 
- 
977 
(13) 
-2Gal res 
(-324 Da) 
965 
(8) 
965 
(19) 
-2Gal res 
-H2O 
(-342 Da) 
- 
947 
(13) 
-3Gal res 
(-486 Da) 
803 
(<5) 
803 
(12) 
-3Gal res 
-H2O 
(-504 Da) 
- 
785 
(39) 
-4Gal res 
(-648 Da) - 
641 
(51) 
 
Table 3. Main fragment ions observed in MALDI-
MS/MS of the [M+H]+ ions of phthalocyanines 3 
and 12 (normalized to the base peak). 
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1.3.2. MALDI-MS/MS of phthalocyanines 3 and 12 with D-galactose units 
  
 The MALDI-MS/MS results obtained for the glycophthalocyanines 3 and 12 are shown in 
Figure 29 and summarised in Table 3. 
 
A 
 
B 
 
Figure 29.  MALDI-MS/MS of [M+H]+ of 3 (A) and 12 (B). 
 
 Similarly as observed for the phthalocyanines 2 and 11, the MS/MS spectra of the 
phthalocyanines 3 and 12, bearing unprotected galactose units, are also dissimilar in their pattern, 
as shown in Figure 29. The MALDI-MS/MS of the symmetric glycophthalocyanine 3 (Figure 29A) 
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shows an abundant ion [M+H-0,2A]+ at m/z 1229, which corresponds to a typical cross-ring 
glycosidic cleavage, with the loss of C2H4O2 (loss of 60 Da). This fragmentation ion is the base 
peak (100%, Table 3) of mass spectrum of 3 and occurs due to cross-ring cleavage 0,2A of the 
galactose residue, as represented in Scheme 9. The numbers 0,2 mean that the cross-ring fragment 
ion is formed by cleavage of the bond between the oxygen and C-1, and cleavage of the bond 
between C-2 and C-3. However, this fragmentation pathway can also occur due to cross-ring 1,3A 
or 2,4A.214 
 
Scheme 9. Main fragmentation pathways of glycophthalocyanines with a galactose structural unit. 
 
 Besides the loss of C2H4O2, it is also observed losses of C3H6O3 (loss of 90 Da) and 
C4H8O4 (loss of 120 Da) (Figure 29A, Table 3). These are cross-ring cleavages typical of 
fragmentations of hexose residues linked by C-6, and were also observed in ES-MS/MS of 
glycoporphyrins previously studied.216,217 The loss of C3H6O3 represented in Scheme 9 is a cross-
ring 0,3A fragmentation and can also result from a cross-ring 1,4A fragmentation. The loss of C4H8O4 
occurs due to 0,4A cross-ring fragmentation of the galactose residue (Scheme 9). 
 The other most abundant product ion at m/z 1127 (due to loss of 162 Da) is attributed to 
the ion [M+H-Gal res]+ and results as a consequence of loss of the galactose residue with 
migration of one hydrogen to the oxygen of the ether bond (Figure 29A, Table 3). The 
fragmentation pathway for this cleavage is shown in Scheme 10.  
 
Scheme 10. Proposed fragmentation pathway for the formation of the ion [M+H-Gal res]+ (loss of 162 Da). 
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 The other product ions observed in the MS/MS spectrum (Figure 29 A) are formed by 
combined loss of water and another fragment. For instance, the ion at m/z 1181 results from the 
combined loss of C3H6O3 and one molecule of water (108 Da), while the ion at m/z 1109 results 
from the combined loss of a galactose residue and one molecule of water (180 Da, Figure 29A, 
Table 3). 
 The MALDI-MS/MS of the asymmetrical glycophthalocyanine 12 (Figure 29B) shows as the 
base peak (100%) the ion at m/z 1127 (loss of 162 Da) attributed to the fragment [M+H-Gal res]+ 
(Table 3, Scheme 10). Another abundant ion is observed at m/z 1229 [M+H-0,2A]+, attributed to the 
cross-ring cleavage 0,2A (loss of 60 Da), was also seen for the symmetric phthalocyanine 3. 
Interestingly, in the spectrum of the asymmetric glycophthalocyanine 12, it is possible to see an 
abundant ion (relative abundance of 41%) at m/z 1139, due to the loss of a neutral molecule with 
150 Da, corresponding to [M+H-C5H10O5]+ (Figure 29B, Table 3). This ion is formed by the 
cleavage of the bond C-5 and C-6 of the galactose unit, as observed before for the asymmetrical 
phthalocyanine 11 with the protected galactose residues. A possible fragmentation pathway for the 
formation of the ion [M+H-C5H10O5]+ is proposed in Scheme 11. This ion shows only very low 
relative abundance (9%, Table 3) in the MALDI-MS/MS of symmetrical phthalocyanine 3. 
 
Scheme 11. Proposed fragmentation pathway for the formation of the ion [M+H-C5H10O5]+ by C5-C6 bond 
cleavage (loss of 150 Da). 
 
 Ions at m/z 965, 803 and 641 are attributed to the ions [M+H-2Gal res]+, [M+H-3Gal res]+, 
[M+H-4Gal res]+, respectively (Figure 28B). Other fragmentation pathways corresponding to the 
combined loss of a molecule of water and one, two or three galactose residues are observed at m/z 
1109, 947 and 785, respectively. An uncommon ion at m/z 977 (loss of 312 Da) occurs due to 
combined loss of a galactose residue (loss of 162 Da) and loss of the neutral fragment C5H10O5 
(loss of 150 Da). Interestingly, in the MALDI-MS/MS of asymmetrical phthalocyanine 12 the typical 
ions corresponding to the loss of C3H6O3 (loss of 90 Da) only shows a very low relative abundance 
(8%, Table 3), while the common loss of C4H8O4 (loss of 120 Da) is not detected. 
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 The MALDI-MS/MS of both isomers 3 and 12 (Figure 29) show the presence of an ion at 
m/z 1271 (loss of 18 Da) that is attributed to the fragment [M+H-H2O]+, which corresponds to loss 
of a molecule of water. 
 
1.4. Electronic absorption and photophysical properties 
  
 In this section, photophysical properties of the water-soluble glycophthalocyanines 3, 9 and 
12 (Figure 30) are presented. General trends are described for quantum yields of fluorescence and 
fluorescence lifetimes as well as singlet oxygen quantum yields of these compounds. The effects of 
the number and position of the substituents on the photophysical features are reported. The 
electronic absorption and photophysical measurements were performed at the Department of 
Chemistry and Pharmacy & Interdisciplinary Center for Molecular Materials (ICMM) of the 
Friedrich-Alexander-Universität Erlangen-Nürnberg. 
 
 
Figure 30. Water-soluble glycophthalocyanines (3, 9 and 12) 
 
 The electronic absorption and basic photophysical data of the three phthalocyanines were 
measured in DMSO and are summarised in Table 4. All of these compounds gave typical UV/Vis 
spectra for non-aggregated phthalocyanines showing an intense and sharp Q band in the red 
visible region. The Q bands were observed at 682, 682 and 689 nm for phthalocyanines 3, 9 and 
12, respectively. The Soret bands were observed at around 350 nm (Figure 31A). The fluorescence 
emission spectra of the three compounds in DMSO are shown in Figure 31B.  
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A 
 
B 
 
Figure 31. UV/Vis (A) and fluorescence emission (B) spectra of phthalocyanines 3 (black), 9 (red) and 12 
(blue) in DMSO with optical absorption of 0.01 at the excitation wavelength (610 nm). 
 
 Fluorescence quantum yields (ΦF) were calculated based on the comparative method of 
Williams et al.,218 according to the following equation:  
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 Where ST and X denote standard and test, respectively; Φ is the fluorescence quantum 
yield; Grad the gradient from the plot of integrated fluorescence intensity vs absorbance; and η the 
refractive index of the solvent. Zinc(II) phthalocyanine (ZnPc) was used as the standard (ΦF = 
0.30)218 to determine the fluorescence quantum yield. The fluorescence quantum yields of the three 
phthalocyanines are quite similar, with values around 0.2 (Table 4). In time-resolved fluorescence 
measurements, the lifetime emerged for ZnPc reference at 647 nm was 2.8 ns, and similar values 
were noted for the fluorescence lifetime (τF) of the glycophthalocyanines studied (Table 4). 
 
 
Excitation wavelength for a emission spectra: 610 nm, for b excitation spectra: 710 nm. c Relative to ZnPc in 
toluene (ΦF = 0.30). d Reference: ZnPc in DMSO (Φ∆ = 0.67).  
Table 4. Electronic absorption and photophysical data for Ps 3, 9 and 12 in DMSO. 
 
 Energy transfer between the triplet state of a PS and the ground state of molecular oxygen 
leads to the production of singlet oxygen. For PDT, it is essential an effective energy transfer to 
efficiently generate singlet oxygen. The singlet oxygen quantum yield (Φ∆) is a measure of the 
ability of a PS to generate singlet oxygen. Its magnitude can depend on a number of factors: triplet 
excited state energy, triplet quantum yield, triplet lifetime, ability of the substituents to quench the 
singlet oxygen, and the efficiency of energy transfer between the triplet excited state to the ground 
state of molecular oxygen. 
 The singlet oxygen quantum yields (Φ∆) of these glycophthalocyanines were determined by 
fluorescence spectroscopy using a Fluorolog-3 (HORIBA Jobin Yvon) spectrophotometer, 
equipped with a 450 W xenon lamp and near-IR accessories (SIGA-Symphony InGaAs array 
detectors (800 - 1700 nm) and emission grating at 100 x 780 nm). This system detects the near-IR 
emission of singlet oxygen at around 1280 nm. Quantum yields of singlet oxygen were determined 
in air-saturated DMSO solutions, also following the relationship employed in Equation 1. These 
data are also compiled in Table 4. It can be seen that in DMSO all of these phthalocyanines are 
efficient singlet oxygen generators, particularly 3 and 9, for which the values of Φ∆ (0.82 and 0.76, 
respectively) are notably higher than that of ZnPc (Φ∆ = 0.67), which was used as the reference.219 
No emission signal of singlet oxygen was detected when the solutions where saturated with argon. 
 In  Figure 32 is shown the phosphorescence spectra of phthalocyanine 12 in air-saturated 
DMSO solutions, in which the singlet oxygen signal appears around 1280 nm. 
Compound λmax / nm (log ε) λem / nma λex / nmb τF / ns ΦFc Φ∆d 
3 359 (4.91), 616 (4.55), 682 (5.20) 692 678 2.81 0.23 0.82 
9 357 (4.85), 618 (4.56), 682 (5.22) 690 679 2.87 0.20 0.76 
12 343 (4.54), 622 (4.44), 689 (5.23) 695 686 2.41 0.21 0.69 
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Figure 32. Phosphorescence spectra of the singlet oxygen generated by 12 in air-saturated DMSO solutions 
with absorptions of 0.02, 0.04, 0.06, 0.08 and 0.1 at the excitation wavelength 647 nm. 
 
 As expected, the fluorescence excitation spectra of phthalocyanines 3, 9 and 12 closely 
resemble the absorption spectra, confirming the existence of a single species under the conditions 
used (1.0 x 10-6 M in DMSO). The proximity of the wavelength of the Q band maxima of the 
absorption to the excitation spectra for all glycophthalocyanines (Table 4) suggests that the nuclear 
configurations of the ground and excited states are similar and not affected by excitation. As an 
example, in Figure 33 is shown the excitation spectrum of phthalocyanine 12. 
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Figure 33. Excitation and absorption spectra of phthalocyanine 12 in DMSO at 1.0 x 10-6 M. Excitation spectra 
detected at an emission wavelength of 710 nm. 
 
 The aggregation behaviour of the glycophthalocyanines 3, 9 and 12 were investigated at 
different concentrations in DMSO and no aggregation was detected in this solvent in the range of 
concentrations analysed (Figure 34, for phthalocyanine 3 as an example). 
 
Figure 34. Aggregation behaviour of phthalocyanine 3 in DMSO at different concentrations: 2.9 x 10-7 (A), 3.4 
x 10-7 (B), 4.1 x 10-7 (C), 4.8 x 10-7 (D), 7.0 x 10-7 (E), 8.3 x 10-7 (F), 8.8 x 10-7 (G), 13.2 x 10-7 (H) M.
 Inset: Plot of absorbance versus concentration. 
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 The aim of this work is to evaluate the photodynamic activity of the glycophthalocyanines 
3, 9 and 12. Therefore the aggregation behaviour of these compounds in aqueous solution was 
examined by absorption and fluorescence spectroscopic methods. Figure 35 shows the UV/Vis 
spectra of the glycophthalocyanines in Dulbecco's modified Eagle's medium (DMEM) used for 
HeLa cells. It can be seen that the Q band of all compounds is much broadened and shifted to the 
blue, showing that these compounds are highly aggregated in the medium. 
 
Figure 35. UV/Vis spectra of the glycophthalocyanines 3 (black), 9 (red) and 12 (blue) in DMEM medium. 
 
 This conclusion was also supported by their fluorescence spectra, where no fluorescence 
emission was observed for phthalocyanines 3 and 9, while 12 showed small fluorescence in 
DMEM. Molecular aggregation provides an efficient non-radiative energy relaxation pathway for the 
singlet excited state of the dyes, resulting in a decrease in the fluorescence intensity as well as the 
efficiency for generating singlet oxygen, as the aggregation tendency increases.171,185,220 It is clear 
that the aggregation behaviour of these compounds in the culture medium depends on the number 
and position of the sugar units. 
 Different solvents display different quenching abilities towards the excited triplet state of a 
PS. Consequently its lifetime should vary as the solvent is changed. Solvent studies revealed that 
strong near-IR absorption of some solvents is responsible for the short singlet oxygen lifetime.221 
The triplet energy of ZnPc and many of its derivatives in solution is ~1.12 eV,218 which corresponds 
to an absorption wavelength of ~1108 nm. The intensity and broadness of the solvent's absorption 
in this wavelength region should have considerable effect on the triplet lifetime. Water shows a very 
broad absorption near 1108 nm, which implies that non-radiative decay and quenching of the PS's 
triplet state would be more rapid in water than in DMSO (exhibits little absorption in this region), for 
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which the 1108 nm absorption is minimal.222 Aiming to mimic the in vitro environment, we 
attempted to measure the singlet oxygen quantum yield in D2O instead of DMEM, since the latter is 
an aqueous solution and, as argued above, water has self-absorption in the near-IR region. D2O 
does not have the O-H vibration, hence singlet oxygen suffers less quenching with D2O than in 
water. Nevertheless, no significant emission of the singlet oxygen signal was detected around 1280 
nm.  
 The state of the sensitizers in solution and their interaction with biomolecules are very 
important properties for photodynamic therapy applications.170,183,223-225 In order to minimize the 
aggregation of the dyes and, subsequently increase their efficiency to generate singlet oxygen, 
some dilution experiments were performed. These experiments were carried out using decreasing 
concentrations of the compounds in water and following their electronic absorption and emission 
features. The experiments were executed in water, since there are no changes in the absorption 
and fluorescence features when using water or DMEM. From the UV/Vis spectra could be 
observed that no changes occur when using more diluted solutions of the compounds in water. In 
the same way, no modification on the emission intensity of PS 3, 9 and 12 was noticed from the 
fluorescence spectra (excitation wavelength at 610 nm). Therefore, the aggregation of the PS in 
water was not reduced by the dilution experiments. 
 Knowing that pyridine is an effective axial ligand for ZnPc, producing stable coordinative 
complexes and, consequently reducing the aggregation, titration experiments of phthalocyanines 3, 
9 or 12  with pyridine were carried out. These experiments were performed using water instead of 
DMEM, since the latter contains components (amino acids, salts, glucose, vitamins) that interact 
with pyridine and interfere in the absorption features of the UV/Vis spectra. For the titration 
experiments, increments of pyridine were added to a 1.0 x 10-6 M of phthalocyanines 3, 9 or 12 in 
water and their electronic absorption and emission properties were followed. As example, in Figure 
36 is shown the behaviour of phthalocyanine 12 during the titration experiments. It can be observed 
that the aggregation reduces when a new increment of pyridine is added. 
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B 
 
Figure 36. UV/Vis (A) and fluorescence emission (B) spectra of PS 12  at 1x10-6 M. Excitation wavelength at 
610 nm. 
 
 The spectral changes for the three phthalocyanines (3, 9 and 12) are quite similar. With 
successive titration, the Q band corresponding to the aggregated form decreases and a new band, 
which corresponds to the monomeric form, appears at around 700 nm (Figure 36A). The 
fluorescence spectra also show that the aggregation decreases with the increasing pyridine 
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increments (Figure 36B). Although pyridine helps to prevent the aggregation of the 
glycophthalocyanines, it cannot be used in high concentration in biological systems, owing to its 
toxicity. 
 
1.5. Evaluation of the in vitro photodynamic activities 
  
 In this section, the photoeffects of symmetric and asymmetric phthalocyanines bearing D-
galactose units (phthalocyanines 3, 9 and 12, Figure 30) on HeLa carcinoma cells and their 
implication in cell death are described. In vitro photodynamic activities of the glycophthalocyanines 
were evaluated at the Department of Biology in the Faculty of Sciences of the University Autonoma 
of Madrid. 
 HeLa cells were the first immortalised human cell line to be isolated and have been widely 
used in scientific research.226 These cells are human epithelial cells from a fatal cervical carcinoma 
transformed by human papillomavirus 18 (HPV18). This cell line was taken from a cervical cancer 
of Henrietta Lacks uterus and was isolated and propagated for the first time by George Otto Gey in 
1951. As immortal, HeLa cells can grow and divide an unlimited number of times in vitro as long as 
the correct culture conditions are maintained. These cells are adherent cells which maintain contact 
inhibition in vitro, in other words, as they spread out across the culture flask when two adjacent 
cells touch they stop growing. 
  
Figure 37. Toluidine blue stainning of HeLa carcinoma cells. Scale bar: 20 µm. 
 
Tumour destruction by PDT can be achieved by direct cellular damage, indirectly through 
the damage to tumour vasculature and, also, by the activation of the immune response against 
tumour cells.109 Targeted cell components include plasma membrane, lysosomes, mitochondria, 
Golgi apparatus, endoplasmic reticulum, nuclei, and also cytoskeleton and cell adhesion 
components. Targeting cytoskeleton is an important goal for anti-cancer therapies, including PDT, 
since cytoskeleton plays significant roles in processes related with tumoral progression such as cell 
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motility, division and vesicle transport. It is a fact that microtubules (MTs) and microfilaments (MFs) 
are basic targets in chemotherapy with anticancer compounds such as Vinca and Colchicum 
alkaloids, criptophycins, nocodazole, epothilones and taxoids.227 MTs have been described to be 
altered after photodynamic treatments with several porphyrins, phthalocyanines and 
porphycenes.97,167,168,228-230 In addition, such treatments were able to provoke a blocking of the cell 
cycle at the metaphase-anaphase transition, which seemed to lead to cell death by apoptosis 
(mitotic catastrophe).167,231  
 Recent studies have been focused on the development and efficacy of new PS, with 
improved photophysical and photobiological properties.114 Great scientific attention has been 
focused on the study of new ZnPc derivatives.172,182,183 As above referred, although some 
phthalocyanines are soluble in water they can easily aggregate in aqueous solutions. The 
aggregation in vitro can be reduced using a carrier system or by the addition of detergents (such 
as, polysorbates, Cremophore EL®, polyethylene glycol, or lipid emulsions).164,172 Solvents such as 
DMSO and ethanol can also be used to dissolve the compounds.110 
 
1.5.1. Results 
 
Cellular viability 
 The toxicity induced by the three drugs (PS 3, 9 and 12) on HeLa cells treated with 
different concentrations in the absence of light is shown in Table 5. As it can be observed, no 
toxicity was induced at any of the concentrations used, measured after 24 h of incubation. 
Treatment of HeLa cells with PS 3 and 9 (at 5.0 x 10-6 or 1.0 x 10-5 M) or 12 (at 1.0 x 10-6 M or 5.0 x 
10-7 M) for 24 h did not affect the survival rate of the cells. In the same way, irradiation of cells with 
red light (636 nm) alone for 30 min (the most prolonged irradiation time used in this work), as well 
as incubation in DMEM-1% FBS (fetal bovine serum) for 24 h did not affect cell viability (96 ± 7.0). 
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Table 5. Toxicity induced in HeLa cells in absence of light. Cells were incubated for 4 hours with different 
concentrations of PS 3, 9 and 12. Each value corresponds to the mean values ± standard deviation (SD) from 
three independent experiments. 
 
 Treatments of HeLa cells with PS 3 or 9 at 1.0 x 10-6 M or even higher concentrations (5.0 
x 10-6 M, not shown) for 4 h followed by variable times of light irradiation at 636 nm only slightly 
affect cell viability (Figure 38). In contrast, treatment of HeLa cells with PS 12 followed by red light 
irradiation, resulted in extensive cell photokilling (Figure 38).  
 
Figure 38. Toxicity induced by PS 3, 9 or 12 (1.0 x 10-6 M) in HeLa cells in the presence of light. HeLa cells 
were incubated with the compounds for 4 h and then irradiated with red light for variable times. MTT assays 
were performed 24 h after the treatments. Each point corresponds to the mean value ± SD obtained from at 
least three independent experiments. 
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 Cell photokilling with PS 12 was dependent on both, concentration (5.0 x 10-7 M, 1.0 x 10-7 
M or 5.0 x 10-8 M) and the irradiation time (5-30 min) (Figure 39). For example, concentrations of 
5.0 x 10-7 M and 15 min of irradiation resulted in an almost 80% cell lethality and, comparable 
results were obtained for treatments using lower concentration, 1.0 x 10-7 M, and 30 min of 
irradiation (lethal dose 80, LD80). Total cell lethality was obtained with concentrations of 1.0 x 10-6 
M and 15 min of irradiation (LD100). 
 
Figure 39. Toxicity induced by PS 12  (5.0 x 10-7 M, 1.0 x 10-7 M or 5.0 x 10-8 M) in HeLa cells in the presence 
of light. HeLa cells were incubated with the compounds for 4 h and then irradiated with red light for variable 
times. MTT assays were performed 24 h after the treatments. Each point corresponds to the mean value ± SD 
obtained from at least three independent experiments. 
  
Subcellular localization 
 Studies on the subcellular localization of the PS in this cell type after different incubation 
times were performed by fluorescence microscopy using the red fluorescence of the compounds 
under both, ultraviolet or green light excitation. For PS 3 and 9, no intracellular fluorescence was 
observed (data not shown). This indicates that the cellular uptake is negligible and/or the 
compounds are highly aggregated within the cells, both of which disfavour photodynamic action. It 
is also corroborated by the MTT assay, where 3 and 9 do not show photocytotoxicity. On the 
opposite, when incubated with 5.0 x 10-6 M for 24 h, all cells revealed incorporation of 12, showing 
a red fluorescence signal. Intracellular fluorescence of PS 12 was detected in plasma membrane, 
accumulated near the nucleus and diffuse in the cytoplasm, and no co-localization with the blue 
auto-fluorescence of the mitochondria was observed (Figure 40).  
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Figure 40. Intracellular localization of PS 12 in HeLa cells. Cells were incubated with 5.0 x 10-6 M for 24 h and 
then observed under the fluorescence microscope. The mark pattern of mitochondria by MitoTracker Green 
(MTG), lysosomes by Lisotracker Green (LTG) and Golgi apparatus by NBD C6-ceramide (NBD-C6) are also 
shown. Phase contrast (PhC). Scale bar: 20 µm. 
 
 These results indicate that PS 12 has a better cellular uptake, probably due to its 
asymmetric structure that provides amphiphilic character, leading to lower aggregation tendency 
within the cells. This fluorescence pattern was compared with that of known markers for 
mitochondria (MTG), lysosomes (LTG) and Golgi apparatus (NBD-C6) indicating that the 
fluorescent red area near the nucleus corresponds mainly to Golgi apparatus, although some 
localization could be also in lysosomes (Figure 40). Since only PS 12  entered in HeLa cells and 
induced photodamage, further studies were performed only with this compound to understand its 
action photomechanism on this tumoral cell line. 
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Changes in cell morphology induced by PDT with GPh3 
 HeLa cells observed by scanning electron microscopy (Figure 41) or by fluorescence 
microscopy after staining with H-33258 (Figure 41 and Figure 42) revealed variable morphological 
changes, depending on the photodynamic treatment administered with the glycophthalocyanine 12. 
Whereas untreated cells shown spread morphology (Figure 41A) and homogeneous nuclei (Figure 
41G), treatments with LD80 of PS 12 (1.0 x 10-7 M or 5.0 x 10-7 M and 30 or 15 min of irradiation, 
respectively) induced gradual cell retraction, especially patent 3 h after light exposition (Figure 
41B). A gradual increase in cells in division indicating that LD80 treatments induced mitotic arrest 
in HeLa cells (Figure 41H) was observed. In addition, a significant induction of apoptotic cells could 
be detected at 24 h of photosensitization: cell rounding and blebbing, chromatin condensation, 
typical chromatin fragmentation and packing into apoptotic bodies (Figure 41C, D and I).232,233 On 
the contrary, incubation with higher concentration of PS 12 (1.0 x 10-6 M) followed by 30 min light 
irradiation (LD100), clearly resulted in necrotic cell death morphology: loss of integrity of the 
plasma membrane, gradual condensation of chromatin leading pycnotic nuclei232,233 are easily 
recognized at 3 h and 24 h after treatment (Figure 41E, F and J). 
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Figure 41. Morphological changes induced by the glycophthalocyanine 12 and observed either by scanning 
electron microscopy (SEM) or under the fluorescence microscopy after staining with H-33258. Control HeLa 
cells show a well spread morphology (A) and nuclei with well organized chromatin (G). Treatments of the cells 
with 1.0 x 10-7 M of PS 12 followed by 30 min of red light irradiation induced cell retraction 3 h after treatment 
(B), gradual blockage of cells in mitosis and appearing of apoptotic characteristic cells 24 h (C, I) and 48 h (D) 
after treatment. Higher concentrations of PS 12 (1.0 x 10-6 M) induced necrotic cells clearly distinguished 
immediately (E) and 24 h (F, J) after irradiation. Scale bar: 20 µm. 
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Cell cytoskeleton analysis 
 To improve our knowledge on the action mechanisms of the PS 12, we studied the 
changes induced in the cytoskeleton of microtubules (MTs) and actin microfilaments (MFs), cell 
structures directly implicated in cell division, migration and invasion. Immunofluorescence studies 
for detection of α-tubulin revealed that the mitotic arrest was principally the consequence of a 
metaphase blockage due to abnormal mitotic spindle configurations (Figure 42). Control interphase 
HeLa cells showed a well-developed microtubular network, and a well-organized spindle apparatus 
in mitosis (Figure 42A and E, E´). During the first hours after a LD80 treatment (1.0 x 10-7 M of PS 
12 and 30 min light irradiation), it was observed an increasing microtubular alterations, such as a 
disorganized microtubule network (Figure 42B). An increase number of cells in division could be 
observed in the cultures, particularly 24 and 48 h after light exposure (Figure 42C and F-H, Table 
6). This mitotic arrest was due to the increase number of cells in metaphase (metaphase 
blockage), most of them with altered mitotic spindle (Table 6, Figure 42C), as well as the number of 
poles was rather variable and mitotic configurations with five poles (Figure 42H) and abnormal 
distribution of chromosomes (Figure 42H´) could be seen. 
 
 
Table 6. Effects induced in HeLa cells by treatment with 1.0 x 10-7 M of PS 12 and 30 min of irradiation on 
mitotic index (MI) and the ratios of total metaphases (TM) and abnormal metaphases (AM). Data correspond 
to mean values ± SD from three independent experiments. 
 
 The multipolar metaphases can endocycle and lead to polyploidy-giant cells with multiple 
nuclei of different sizes (Figure 42D). The amount of these cells increased with time, being of 2.6 ± 
0.6, 4.5 ± 0.7, 3.2 ± 0.9 at 24 h, 48 h and 72 h after treatment in relation with that observed in 
untreated cultures (0.9 ± 0.3). The origin of these polyploid interphase cells could be the wrong 
resolution of abnormal metaphases and they could be remnants of aberrant mitotic processes. 
Under these experimental conditions, HeLa cell death by apoptosis was evident at 24 h and later, 
the typical morphological features of apoptotic cells after H-33258 staining could be seen in Figure 
42G´. 
 
MI (% ± SD) TM (% ± SD) AM (% ± SD) 
Control 4.3 ± 0.2 63 ± 5.8 5 ± 0.4 
24 h 14 ± 0.6 70 ± 9.8 52 ± 6.7 
48 h 10 ± 2.7 86 ± 8.5 86 ± 8.9 
72 h 8 ± 3.4 80 ± 9.2 88 ± 10.2 
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Figure 42. Microtubule damage induced by PS 12. A: Control HeLa cells show a well developed network of 
microtubules determined by tubulin immunolabelled and observed by fluorescence microscopy. Treatment 
with 1.0 x 10-7 M of PS 12  and 30 min of irradiation induced, B: retraction and disorganization of microtubules 
of cells in interphase 3 h later, C: cells in metaphase with abnormal mitotic spindles as well as cells in 
apoptosis (arrow) 24 h later and D: giant multinucleated cells at 48 h after treatment. E-H: Details of a control 
(E) and abnormal mitotic spindles of HeLa cells 24 h after PDT treatment. E'-H': shows the chromosomes 
stained with H-33258 well aligned in the control (E') or disperse in the treated metaphase cells (F'-H').  Scale 
bar: 20 µm.  
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 We also studied the photoeffects of PS 
microfilaments of HeLa cells. Actin distribution showed important alterations after 
photosensitization. The control pattern of actin is organized as stress fibres crossing the cytoplasm 
(Figure 43A). As in the case of microtubules, PDT induced a variable disorganization and reduction 
in the number of actin filaments. From 1 h to 3 h after treatments, most of the c
morphology, cells are retracted (
showed deformations such as bubbles on cel
described for microtubules, showed the typically apoptotic chromatin fragmentation by H
staining (Figure 43C, C´). Multinuclear cell formation can be also related to cell cycle progression 
without cytokinesis (Figure 43D, D´).
 
Figure 43. Photomodifications induced on actin microfilaments by PS 
determined by TRITC-phalloidin (A-
showing stress actin fibers. B-D: Cells subjected to a LD80 and stained at determined times after treatment: 3 
h (B), 24 h (C, C´) or 48 h (D, D´). Notice cells in apoptosis (
 
  
-soluble glycophthalocyan
12 on other cytoskeletal component: actin 
Figure 43B). Twenty-four hours after treatment, some cells 
l membrane and the nuclei of some of them, as it was 
 
 
12. Actin microfilaments were 
D) and nuclei were counterstained with H-33258 (C´, D´
C, C´) as well as multinucleated cells (
Scale bar: 20 µm. 
ines 
ells changed the 
-33258  
). A: Control cells 
D, D´). 
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Cell cycle and cell death analysis 
 The above results demonstrated that the treatment of HeLa cells with PS 12 not only 
caused the expected triggering of an apoptotic response, but also a severe alteration of the cell 
cycle. Flow cytometry analysis of the effects induced by the photodynamic treatment showed that, 
in comparison with the DNA content of the control (untreated) cells measured by PI, cell cycle 
profiles of the treated cells change for variable incubation times. Two different photodynamic 
treatments were used to study the perturbations of the cell cycle,  the treatment conditions were 1.0 
x 10-7 M or 5.0 x 10-7 M of PS 12 and 30 or 15 min light irradiation, respectively. In Figure 44A is 
shown the DNA content profile of HeLa populations subjected to treatment with 1.0 x 10-7 M of PS 
12 and 30 min of irradiation. Both conditions show a similar tendency for the DNA content profile of 
HeLa populations after treatment. 
 
 
Figure 44. Variations in the cell cycle of HeLa cells by phototreatment with PS 12. A: Flow cytometry analysis 
24 h, 48 h and 72 h after PDT with PS 12, 1.0 x 10-7 M and 30 min of irradiation, in comparison with the 
control cells; DNA content was measured using propidium iodide. Blockage of cells in G2-M was detected 24 
h after treatment, whereas the increase of cell death was clearly visible at 48 h after the treatment. B: The cell 
death was confirmed by TUNEL assay; the percentage of positive cells to TUNEL observed under the 
fluorescence microscope (left) was higher 48 h after treatment. Scale bar: 20 µm. C: Cleavage of PARP 
detected by Western blotting is detected 24 h after irradiation. 
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 As seen in Figure 44A, flow cytometry measurements showed that 24 h after 
photodynamic treatment, the G2-M blockage reached at about 26% of the cell population. These 
results correlated with the microscopic visualization of the cells showing that 24 h after PS 12 
treatment there was an important increase of the number of cells in division with the chromatin 
disorganized (Figure 42C); corroborating the mitotic arrest. The mitotic arrest decrease, as shown 
in the flow profile 48 h (Figure 44A), this could be due to cells already in apoptosis triggered from 
the polyploid state. At this time we could observe that great part of the cells were detached from 
the culture surface, and analysing the nuclear morphology of the supernatant, these cells were 
apoptotic (Figure 44B). At 72 h after treatment the DNA content profile of HeLa populations was 
quite similar to the control, suggesting that the surviving cells can recover after PDT. Both 
experimental conditions cause relevant alterations on the HeLa cell cycle, involving metaphase 
blockage and polyploidy. 
 The cell death mechanism was also confirmed by TUNEL assay and by Western blot. The 
great majority of the cells were already in apoptosis at 24 and 48 h (Figure 44B). In addition, 
fragmentation of PARP, the caspase 3 substrate in the apoptotic death mechanism, appeared 
fragmented from 24 h after treatment (Figure 44C). We have also completed the study of cell cycle 
analyzing the variations in the expression of cyclin D1, a marker of cell proliferation required for cell 
cycle G1-S transition. As it can be seen in Figure 44C, the expression of this protein decreased 
during the first hours following treatment, being over-expressed 24 h after treatment and 
decreasing again at 48 and 72 h after treatment. 
 
1.5.2. Discussion 
  
 The asymmetric structure of PS 12 provides significantly higher phototoxicity in comparison 
to the symmetrical PS 3 or 9. The lower photocytotoxicity of PS 3 or 9 are in line with their lower 
cellular uptake and/or higher aggregation tendency, that is reflected by the inexistence of 
intracellular fluorescence, and, therefore, lower efficiency at generating intracellular reactive 
species. For PS 12, the asymmetric distribution of the saccharide units on the macrocycle helps to 
prevent the stacking of the molecules and the higher cellular uptake can be attributed to its 
amphiphilic character.  
Related to the evaluation of the in vitro photodynamic activity in HeLa cells, we have 
verified that PS 12 is able to induce cell death by either necrotic or apoptotic mechanism 
depending on the treatment conditions. The changes induced by lethal treatments (LD100, 1.0 x 
10-6 M and 30 min irradiation) were severe and after the exposure to the light, cell died by necrotic 
process. When using experimental conditions to induce LD80 lethality (1.0 x 10-7 M and 30 min 
light irradiation) the cell death occurred mainly by an apoptotic mechanism and these effects do not 
take place immediately after treatment. Under these experimental conditions, PS 12 is able to 
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induce the arrest of HeLa cells at metaphase followed by apoptosis. The analysis of the 
microtubules by immunofluorescence evidenced that, 18-24 h after this treatment, most of the 
mitosis correspond to abnormal, mainly multipolar metaphases, with several chromosomes 
scattered around the mitotic spindle. At this time, a G2-M arrest was observed by flow cytometry.  
Presumably these cells would be able to restitute to polyploid cells. During the first hours of 
treatment, some cells can survive despite the incorrect positioning of the chromosomes and their 
incapacity to join the mitotic spindle. Between 18 to 24 h after treatment, cells are arrested in G2-
M, due to the formation of multiple spindle's poles and the absence of chromosomes joining to 
microtubules. Forty-eight hours after treatment, cells were positive to TUNEL assay. Apoptotic cell 
death of the round and detached cells was confirmed by H-33258 staining, which evidenced the 
characteristic condensation and fragmentation of the apoptotic nuclei, and by immunofluorescence. 
Finally, 72 h after treatment, the fraction of surviving cells could recover showing a DNA content 
profile similar to the untreated cells. 
Mitotic catastrophe could be involved in HeLa cell death, once the photodynamic treatment 
with PS 12 is able to induce the formation of aberrant mitosis and multinucleated cells. The same 
cellular alterations described have been identified as characteristic of the mitotic catastrophe (also 
known as mitotic death), this is a form of death different from apoptosis and necrosis.234 Although 
its molecular mechanism is not completely known, this type of death process can explain cell death 
induced by treatments that cause aberrant mitosis, when the G2 checkpoint is defective and cells 
enter in mitosis before DNA damage has been repaired. Cells can enter in mitosis without the 
appropriate alignment of replicated chromosomes, originating multiple nuclei and micronuclei. In 
some cases, cells undergo cytokinesis with an incomplete separation of the chromosomes. The 
abnormal disjunction of chromosomes around the mitotic spindle on HeLa cells was already 
described.167,231,235 
In addition to the modifications induced on MTs by PS 12, alterations in actin MFs have 
been also observed after photodynamic treatment with PS 12. MFs have been also described to be 
a very important target for anticancer compounds such as cytochalasins. Alterations in actin MFs 
could be implicated in the inhibition cytokinesis and in the formation of multinuclear globular giant 
cells induced by PS 12. Similar results to those here described on MTs and MFs by PS 12 have 
been described after the photodynamic treatment of HeLa cells with Zn(II) phthalocyanine 
photosensitiser,167,231 or on several types of keratinocytes and fibroblasts to photosensitization with 
other PS, including Photofrin, BPD-MA (benzoporphyrin derivative monoacid), ALA. In any case, 
the relevance of these cytoskeletal components in cell photokilling is obvious, thus resulting in 
important targets for PDT of cancer. 
On the other hand, it is well known that photosensitization reactions are dependent on the 
subcellular location of the PS.236 In addition, and knowing that both the diffusion length and lifetime 
1O2 are very short (< 0.1 µm and < 0.04 µs, respectively),236 the initial oxidative reactions can occur 
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in organelles in which PS are located and, secondarily, in other cell structures, leading altogether to 
cell photoinactivation. Thus, the damage observed in cytoskeletal elements and responsible for the 
blockage of mitosis and the inhibition of cytokinesis could be induced either by direct binding of PS 
12 to the cytoskeletal proteins or indirectly by the oxygen species generated after the exposure to 
light.167,168 Since the intracellular localization of PS 12 seems to be diverse: plasma membrane, 
lysosomes, Golgi apparatus and in the cytoplasm, additional experiments must be done to 
understand the influence of the localization and the induction of cell death through mitotic 
catastrophe. 
In agreement with microscopic observations, Western blot analysis confirms that cell death 
by apoptosis is the main mechanism that occurs after the LD80 with PS 12. The cleavage of PARP 
clearly occurs from 24 h after the treatment concomitantly with the increase amount of cells in 
apoptosis detected by the TUNEL assay and with the overall downregulation of cyclin D1. Cyclin 
D1 is one of the most frequently altered cell cycle regulators in cancers, being overexpressed in 
transformed cells.237,238 Our results are coincident with those reported in the few studies performed 
on the effects of PDT on this oncogenic protein.239-241 The increase of cyclin D1 24 h after PDT 
could be related with the promotion of cells from S to G2-M phase giving the blockage of cells in 
division. In the same way, downregulation of cyclin D1 could be also related with the arrest of cell 
cycle observed 24 and 48 h after phototreatment and the subsequent cell death by apoptosis of the 
tumoral HeLa cells induced with PS 12. 
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1.6. Conclusions 
 
 In summary, we have prepared and characterised glycophthalocyanines with four or eight 
D-galactose units. The precursor glycophthalonitriles were prepared by nucleophilic substitution 
starting from 4-nitrophthalonitrile, 4,5-bis(bromomethyl)phthalonitrile or tetrafluorophthalonitrile. 
 Related to MALDI-MS/MS, two pair of isomers were studied; each pair consists in a 
symmetric and an asymmetric phthalocyanines bearing galactose structural units with protected or 
unprotected hydroxyl groups. Besides the common fragmentation features similar to those 
described for hexoses linked by C-6, a different fragmentation pathway was observed. Ions 
corresponding to the loss of neutral fragments with 230 Da and 150 Da, respectively for protected  
and unprotected galactose residues, formed by the cleavage of the bond C-5 and C-6 of the 
galactose unit, were mainly observed for the asymmetrical phthalocyanines. In conclusion, 
depending on the distribution of the sugar units on the macrocycle, either asymmetric or symmetric, 
different fragmentation pathways are observed, which allows their identification, independently of 
the structure of the sugar unit. These results show that MALDI-MS/MS can be a powerful tool for 
the differentiation of the pair of isomers studied. 
 We can conclude that the carbohydrate moieties could provide solubility to the PS in 
physiological fluids and improve the cellular uptake. The asymmetric substitution of the sugars on 
the macrocycle (PS 12) was crucial to prevent the stacking of the molecules, inducing lower 
aggregation behaviour when compared with the symmetric PS 3 or 9. Although PS 12 is somewhat 
aggregated in the culture medium, it has a better cellular uptake, probably due to its amphiphilic 
character. All these prominent features make PS 12 a potential efficient generator of reactive 
oxygen species inside the cells and, an interesting PS for further studies. Related to the 
mechanisms of action of the PDT, we can conclude that the treatment of HeLa cells with PS 12 
causes a sequence of events, starting with chromosome breaks, which prevent a proper joining of 
chromosomes to microtubules during mitosis, which in turn could be followed by restitution. Next, 
restituted cells enter into a new mitotic cycle with multipolar spindles, causing metaphase blockage 
and finally apoptosis. Actin MFs are also affected by the photodynamic treatment with PS 12. Cells 
submitted to more severe treatment conditions showed a necrotic morphology. Further experiments 
should be performed for a better understanding of the photoaction mechanisms induced by this 
very promising compound for application in PDT. 
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1.7. Experimental procedures 
 
1.7.1. General considerations 
  
 Column chromatography was carried out with silica gel (Merck, 230-400 mesh). 
Preparative thin-layer chromatography was carried out on 20x20 cm glass plates coated with silica 
gel (1 mm thick, Merck). Analytical TLC was carried out on precoated sheets with silica gel or silica 
gel type 60 F254 (0.2 mm thick, Merck). Reverse phase column chromatography was carried out 
using Sep-Pak® Vac 35 cc (10 g) columns. 
 1H NMR spectra were recorded with a Bruker Avance 300 spectrometer at 300.13 MHz 
and with a Bruker DRX 500 spectrometer at 500.13 MHz (stated otherwise). Deuterated solvents 
used are indicated in brackets and tetramethylsilane (TMS) was used as internal reference. The 
chemical shifts (δ) are expressed in ppm and the coupling constants (J) in Hz. 
 FAB and EI mass spectra were recorded with VG AutoSpec Q and M mass spectrometers 
(Waters). MALDI-TOF mass spectra were determined with a Bruker Reflex III spectrometer. The 
matrix used is stated in brackets. 
 The UV/Vis spectra were recorded with a Uvikon spectrophotometer. In brackets is 
expressed the logarithm of the molar absortion coefficient (Lmol-1cm-1). 
 Melting points were measured with a Büchi B-540 apparatus fitted with a microscope and 
are uncorrected. 
 Starting reagents are commercially available and were used without further purification. 
Compounds previously reported in the literature were characterised by comparing their UV/Vis, 1H 
NMR and mass spectra to published data.  
  To determine fluorescence lifetimes, time correlated single photon counting (TCSPC) was 
carried out with a Fluorolog system (HORIBA Jobin Yvon). Steady-state fluorescence 
measurements were performed by using a Fluoromax-P (HORIBA Jobin Yvon). Absorption 
measurements were performed with a Cary 5000 (Varian). The singlet oxygen quantum yields were 
determined using a Fluorolog-3 (HORIBA Jobin Yvon) spectrophotometer, equipped with a 450-W 
xenon lamp, TRIAX 320 iHR emission spectrograph, and near-IR accessories (SIGA-Symphony 
InGaAs array detectors (800-1700 nm) and emission grating at 100x780 nm). Each spectrum 
represents an average of at least 5 individual scans, and appropriate corrections were applied 
whenever necessary. The experiments were performed at room temperature. 
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1.7.2. Synthetic procedures 
 
 
1.7.2.1. Synthesis of glycophthalocyanine precursors 
 
4-(1,2:3,4-Di-O-isopropylidene-α-D-galactopyranos-6-O-yl)phthalonitrile (1) 
1,2:3,4-Di-O-isopropylidene-α-D-galactopyranose (844 mg,  3.24 mmol, 1.2 
equiv) and sodium hydride (73.7 mg,  3.07 mmol, 1.2 equiv) were stirred in 
dry toluene (8 mL) for 1 h, at 25 ºC, under a N2 atmosphere. Then, 4-
nitrophthalonitrile (456 mg, 2.63 mmol) was added and the mixture was stirred 
for 44 h. The reaction was neutralized with a saturated aqueous solution of 
citric acid and the organic layer was diluted with CH2Cl2, washed with brine 
and water, dried (Na2SO4) and concentrated. The desired compound was 
purified by column chromatography (silica gel) using CH2Cl2 as the eluent. Glycophthalonitrile 1 
was crystallized from CH2Cl2/light petroleum affording white needle crystals (215 mg, 21% yield). 
M.p. 160-161 ºC. 1H NMR (300.13 MHz, CDCl3): δ 1.36, 1.37, 1.47, 1.55 [4 s, 12 H, C(CH3)2], 4.19-
4.24 (m, 3 H, 5’ and 6’-H), 4.33 (dd, J 1.4 and 7.9 Hz, 1 H, 4’-H), 4.38 (dd, J 2.5 and 5.0 Hz, 1 H, 
2’-H), 4.68 (dd, J 2.5 and 7.9 Hz, 1 H, 3’-H), 5.57 (d, J 5.0 Hz, 1 H, 1’-H), 7.26 (dd, J 2.6 and 8.8 
Hz, 1 H, 5-H), 7.34 (d, J 2.6 Hz, 1 H, 3-H), 7.72 (d, J 8.8 Hz, 1 H, 6-H) ppm. HRMS (FAB+, m-NBA): 
m/z calcd for C20H23N2O6 [M+H]+: 387.1556, found: 387.1558. 
 
1,2-Dibromo-4,5-dimethylbenzene (4)199  
To a suspension of I2 (80.0 mg, 0.32 mmol) in o-xylene (18.4 mL, 153 mmol) was 
added Br2 (16.0 mL, 312 mmol, 2 equiv) dropwise over 1 h, maintaining the 
temperature at 0 ºC. The resulting solid was stirred at room temperature overnight. 
The crude was taken in diethyl ether (40 mL) and a solution of NaOH 2 M (40 mL) 
was added. The organic layer was washed with water, dried (Na2SO4), and concentrated affording 
a yellowish oil. After recrystallisation from MeOH, the desired compound was obtained as a 
crystalline solid (22.4 g, 55% yield). 1H NMR (500.13 MHz, CDCl3): δ 2.17 (s, 6 H, CH3), 7.35 (s, 2 
H, Ar-H) ppm. 
 
4,5-Dimethylphthalonitrile (5)199 
A mixture of 1,2-dibromo-4,5-methylbenzene (10.2 g, 38.6 mmol), CuCN (11.9 g, 133 
mmol, 3 equiv) and NaI (catalytic amount) were dissolved in dry DMF (114 mL) and 
stirred under reflux (155 ºC). Further portions of CuCN were added to the reaction 
mixture in a period of about 12 h, until the TLC confirmed the full conversion of the 
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starting material to the desired compound.  After being cooled to room temperature, a solution of 
ammonia (227 mL) was added to the reaction mixture and stirred overnight. The precipitate was 
filtered, washed with water and dried under diminished pressure. The remaining solid was washed 
with CH2Cl2 and the filtrate was concentrated and purified by column chromatography (silica gel) 
using a 3:1 mixture of light petroleum/CHCl3 as the eluent. 4,5-Dimethylphthalonitrile was obtained 
in 55% yield (3.30 g) as a white powder. 1H NMR (300.13 MHz, CDCl3): δ 2.39 (s, 6 H, CH3), 7.56 
(s, 2 H, Ar-H) ppm. 
 
4,5-Bis(bromomethyl)phthalonitrile (6)198 
To 1.2 g (7.68 mmol) of 4,5-dimethylphthalonitrile in CCl4 (19.0 mL) were 
added 3.0 g of NBS (16.9 mmol, 2 equiv) together with 0.14 g of AIBN (0.85 
mmol, 0.1 equiv). The reaction mixture was stirred and refluxed for about 1 h, 
until the TLC confirmed the full conversion of the starting material to the 
desired compound. Then, the mixture was filtered while hot, washed with hot CCl4 and the filtrate 
was concentrated.  The product was obtained as a white crystalline solid (0.59 g, 25% yield), after 
several recrystallisations from EtOH. 1H NMR (500.13 MHz, CDCl3): δ 4.60 (s, 4 H, CH2), 7.82 (s, 2 
H, Ar-H) ppm. 
 
4,5-Bis(1,2:3,4-di-O-isopropylidene-α-D-galactopyranos-6-O-ylmethyl)phthalonitrile (7) 
1,2:3,4-Di-O-isopropylidene-α-D-galactopyranose (1.7 g,  6.53 mmol, 2 
equiv) and sodium hydride (0.15 g,  6.25  mmol, 2 equiv) were stirred 
in dry toluene (16 mL) for 30 min, at 70 ºC, under a N2 atmosphere. 
Then, 4,5-di(bromomethyl)phthalonitrile (1.0 g,  3.18 mmol, 1 equiv) 
was added and the mixture was stirred for 4 h. The reaction was 
cooled and neutralized with a saturated aqueous solution of citric acid. 
The organic layer was diluted with CH2Cl2, washed with brine and 
water, dried (Na2SO4) and concentrated. The product was purified by 
column chromatography (silica gel) with a 3:1 mixture of hexane/ethyl 
acetate as the eluent. Phthalonitrile 7 was crystallized from 
CH2Cl2/MeOH affording a white solid (0.58 g, 27% yield). M.p. 65-67 ºC. 1H NMR (300.13 MHz, 
CDCl3): δ 1.31, 1.33, 1.42, 1.52 [4s, 24 H, C(CH3)2], 3.63 (dd, J 6.2 and 10.0 Hz, 2 H, 6'a-H or 6'b-
H), 3.74 (dd, J 6.2 and 10.0 Hz, 2 H, 6'a-H or 6'b-H), 4.01 (dt, J 1.4 and 6.2 Hz, 2 H, 5'-H), 4.25 (dd, 
J 1.4 and 7.9 Hz, 2 H, 4'-H), 4.31 (dd, J 2.3 and 5.0 Hz, 2 H, 2'-H), 4.54-4.68 (m, 6 H, 3'-H and 
CH2), 5.52 (d, J 5.0 Hz, 2 H, 1'-H), 7.94 (s, 2 H, Ar-H) ppm. HRMS (MALDI-TOF, DHB): m/z calcd 
for C34H44N2O12Na [M+Na]+: 695.2787, found: 695.2772. 
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Tetrakis(1,2:3,4-di-O-isopropylidene-α-D-galactopyranos-6-O-yl)phthalonitrile (10)196 
1,2:3,4-Di-O-isopropylidene-α-D-galactopyranose (3.5 g,  13.4 mmol, 
5 equiv) and sodium hydride (0.36 g,  15.0 mmol, 6 equiv) were 
stirred in dry toluene (16 mL) for 1 h, at 70 ºC, under a N2 
atmosphere. Then, tetrafluorophthalonitrile (0.50 g, 2.50 mmol) was 
added and the mixture was stirred for 4 h. The reaction mixture was 
neutralized with a saturated aqueous solution of citric acid. The 
organic layer was diluted with CH2Cl2, washed with brine and water, 
dried (Na2SO4) and concentrated. The product was purified by silica 
gel column chromatography with a 2:1 mixture of hexane/ethyl 
acetate as the eluent. After recrystallisation from CH2Cl2/light 
petroleum, the desired phthalonitrile was obtained as a yellowish 
solid,  in 41% yield (1.2 g). M.p. 108-110 ºC. 1H NMR (300.13 MHz, CDCl3): δ 1.31, 1.32, 1.34, 
1.42, 1.47,1.53, 1.54 [7s, 48 H, C(CH3)2], 4.05-4.26 (m, 6 H, 6'-H), 4.29-4.35 (m, 2+4+2 H, 4',5',6'-
H), 4.42-4.50 (m, 2+2 H, 2',4'-H), 4.55-4.65 (m, 2+4 H, 2',4'-H), 5.49 (d, J 2.0 Hz, 2 H, 1'-H), 5.51 
(d, J 2.0 Hz, 2 H, 1'-H) ppm. MS (MALDI, DHB) m/z calcd for C56H76N2O24Na [M+Na]+: 1183, found: 
1183. 
 
1.7.2.2. Synthesis of glycophthalocyanines 
 
2,9(10),16(17),23(24)-Tetrakis(1,2:3,4-di-O-isopropylidene-α-D-galactopyranos-6-O-yl) 
phthalocyaninato]zinc(II) (2) 
Glycophthalonitrile 1 (330 mg, 854 µmol) and ZnCl2 
(57.8 mg, 424 µmol, 0.5 equiv) in DMAE (1.8 mL) 
were stirred at 140 ºC under inert atmosphere for 17 
h. After being cooled to room temperature, the 
reaction mixture was precipitated with 1:3 MeOH-
water, the solid was filtered, washed with water and 
MeOH and dried under diminished pressure. 
Compound 2 was purified by column 
chromatography (silica gel) using a 1:1 mixture of 
hexane/THF as the eluent. It was obtained in 43% 
yield (148 mg) as a turquoise-blue solid, after being 
washed with MeOH. M.p. 227-230 ºC. UV/Vis 
(CHCl3): λmax (log ε) = 350 (4.8), 613 (4.5), 680 (5.2) nm. 1H NMR (300.13 MHz, CDCl3 + Py-d5): δ 
1.41-1.66 [m, 48 H, C(CH3)2], 4.46-4.53 (m, 8 H, Gal-H), 4.66-4.81 (m, 16 H, Gal-H), 5.74(d, J 4.7 
Hz, 4 H, Gal-1-H), 7.75-7.78 (m, 4 H, Pc-β-H), 8.96 (d, J 16 Hz, 4 H, Pc-α-H), 9.29-9.33 (m, 4 H, 
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Pc-α-H) ppm. HRMS (MALDI-TOF, Dithranol) : m/z calcd for C80H88N8O24Zn [M]+.: 1608.5197, 
found: 1608.5210. 
 
 [2,3,9,10,16,17,23,24-Octakis-(1,2:3,4-di-O-isopropylidene-α-D-galactopyranos-6-O-ylmethyl) 
phthalocyaninato]zinc(II) (8) 
Glycophthalonitrile 7 (489 mg, 727 µmol) and ZnCl2 (49.9 
mg, 366 µmol, 0.5 equiv) in DMAE (3.0 mL) were stirred at 
140 ºC under inert atmosphere for 16 h. After being cooled 
to room temperature, the reaction mixture was precipitated 
with 1:3 MeOH-water, the solid was filtered, washed with 
water and MeOH and dried under diminished pressure. 
The desired compound was purified by silica gel column 
chromatography using a 1:1 mixture of hexane/THF as the 
eluent. It was obtained as a dark blue solid (308 mg, 61% 
yield) after being washed with MeOH. M.p. 77-79 ºC. 
UV/Vis (CHCl3): λmax (log ε) = 351 (4.8), 613 (4.4), 680 
(5.2) nm. 1H NMR (300.13 MHz, CDCl3 + Py-d5): δ 1.18-
1.64 [m, 96 H, C(CH3)2], 4.01-4.66 (m, 48 H, Gal-H), 5.17-5.29 (m, 16 H, CH2), 5.61-5.63 (m, 8 H, 
Gal-1-H), 9.20-9.70 (m, 8 H, Pc-α-H) ppm. HRMS (MALDI-TOF, Dithranol) : m/z calcd for 
C136H176N8O48Zn [M]+.: 2753.0863, found: 2753.0813. 
 
 [1,2,3,4-Tetrakis(1,2:3,4-di-O-isopropylidene-α-D-galactopyranos-6-O-yl)phthalocyaninato] 
zinc(II) (11)196 
A mixture of phthalonitrile 10 (267 mg, 230 µmol), 1,2-
dicyanobenzene (169 mg, 1.32 mmol, 6 equiv) and Zn(OAc)2 
(85.9 mg, 468 µmol, 2 equiv) in DMAE (4.0 mL) were stirred 
overnight at 140 ºC under inert atmosphere. After being 
cooled to room temperature, the reaction mixture was 
precipitated with 1:3 MeOH-water, the solid was filtered, 
washed with water and MeOH and dried under diminished 
pressure. Compound 11 was purified by column 
chromatography (silica gel) using a 4:1 mixture of hexane/THF as the eluent, and it was obtained 
as a blue solid (38.5 mg, 10 % yield) after being washed with MeOH. M.p. > 300 ºC. UV/Vis 
(CHCl3): λmax (log ε) = 341 (4.5), 619 (4.2), 687 (5.2) nm. 1H NMR (300.13 MHz, CDCl3 + Py-d5): δ 
1.20-1.72 [m, 48 H, C(CH3)2], 4.28-4.60 (m, 8 H, Gal-6-H), 4.76-4.91 (m, 10 H, Gal-2,4,5-H), 5.14 
(d, J 7.7 Hz, 2 H, Gal-2-H), 5.22-5.27 (m, 2 H, Gal-3-H), 5.43-5.49 (m, 2 H, Gal-3-H), 5.62 (d, J 4.5 
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Hz, 2H, Gal-1-H), 5.70 (d, J 4.5 Hz, 2H, Gal-1-H), 8.07-8.14 (m, 6 H, Pc-β-H), 9.40-9.46 (m, 4 H, 
Pc-α-H), 9.53-9.59 (m, 2 H, Pc-α-H) ppm. HRMS (MALDI-TOF, Dithranol): m/z calcd for 
C80H88N8O24Zn [M]+.: 1608.5197, found: 1608.5147. 
 
General procedure for the cleavage of the isopropylidene acetals of the zinc(II) 
glycophthalocyanines 3, 9 and 12: 
 A suspension of glycophthalocyanine in 9:1 TFA-water was stirred at room temperature for 
4 h. The mixture was neutralized with aqueous K2CO3 and the product was purified by a reverse 
phase column chromatography using a gradient of water and THF as eluent. The desired 
compound was precipitated with acetone, filtered, washed with acetone and dried under diminished 
pressure. 
 
 [2,9(10),16(17),23(24)-tetrakis(α/β-D-galactopyranos-6-O-yl)phthalocyaninato]zinc(II) (3) 
According to the general procedure, phthalocyanine 2 
(50.1 mg, 31.1 µmol) was treated with 9:1 TFA-water (20 
mL) to give 3 as a dark blue solid (33.8 mg, 85% yield).  
M.p. > 300 ºC. UV/Vis (DMSO): λmax (log ε) = 359 (4.9), 
616 (4.5), 682 (5.2) nm. 1H NMR (300.13 MHz, DMSO-
d6): δ 3.37-5.37 (m, 40 H, Gal-H), 6.41-6.85 (m, 4 H, Gal-
OH(α/β)), 7.63-7.79 (m, 4 H, Pc-β-H), 8.49-8.70 (m, 4 H, 
Pc-α-H), 8.97-9.06 (m, 4 H, Pc-α-H) ppm. HRMS (MALDI-
TOF, DHB): m/z calcd for C56H56N8O24Zn [M]+.: 
1288.2693, found: 1288.2720. 
 
 [2,3,9,10,16,17,23,24-Octakis-(α/β-D-galactopyranos-6-O-ylmethyl)phthalocyaninato]zinc(II) 
(9) 
According to the general procedure, phthalocyanine 8 
(50.4 mg, 18.3 µmol) was treated with 9:1 TFA-water (12 
mL) to give 9 as a dark blue solid (33.7 mg, 87% yield). 
M.p. > 300 ºC. UV/Vis (DMSO): λmax (log ε) = 357 (4.8), 
618 (4.6), 682 (5.2) nm. 1H NMR (300.13 MHz, DMSO-
d6): δ 3.38-5.19 (m, 96 H, Gal-H and CH2), 6.28-6.70 (m, 
8 H, Gal-OH(α/β)), 8.70-9.29 (m, 8 H, Pc-α-H) ppm. MS 
(MALDI, DBH): m/z calcd for C88H113N8O48Zn [M+H]+: 
2112, found: 2112. 
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 [1,2,3,4-Tetrakis(α/β-D-galactopyranos-6-O-yl)phthalocyaninato]zinc(II) (12)196 
According to the general procedure, phthalocyanine 11 (27.0 mg, 
16.8 µmol) was treated with 9:1 TFA-water (11 mL) to give 12 as a 
dark blue solid (17.7 mg, 82% yield). M.p. > 300 ºC. UV/Vis 
(DMSO): λmax (log ε) = 343 (4.5), 622 (4.4), 689 (5.2) nm. 1H NMR 
(300.13 MHz, DMSO-d6): δ 3.50-5.45 (m, 40 H, Gal-H), 6.29-6.82 
(m, 4 H, Gal-OH(α/β)), 8.21-8.29 (m, 6 H, Pc-β-H), 9.34-9.43 (m, 4 
H, Pc-α-H), 9.53-9.70 (m, 2 H, Pc-α-H) ppm. MS (MALDI, DHB): 
m/z calcd for C56H57N8O24Zn [M+H]+: 1289, found: 1289. 
 
1.7.3. Experimental conditions used for  MALDI-MS/MS studies 
  
 The MALDI-MS and MALDI-MS/MS mass spectra were acquired using MALDI-TOF/TOF 
Applied Biosystems 4800 Proteomics Analyzer (Applied Biosystems, Framingham, MA, USA) 
instrument equipped with a nitrogen laser emitting at 337 nm. Four µL of matrix, dithranol (10 mg 
mL-1 in methanol and 0.1% TFA solution) were mixed with 2 µL of phthalocyanine solution (~10 mg 
mL-1) and 1 µL of this mixture was deposited on the MALDI plate. Spectra were subsequently 
acquired in the positive ion reflector mode using delayed extraction in the mass range between 600 
and 4500 Da with ca. 1500 laser shots. For the following acquisition of tandem mass spectra 
(MS/MS) a collision energy of 2 keV was used to induce fragmentation and air was used as 
collision gas. Data acquisition was carried out using a 4000 Series Explorer data system (Applied 
Biosystems, Framingham, MA, USA). 
 
1.7.4. Material and methods for evaluation of the in vitro photodynamic activity 
 
Cell culture 
 The HeLa human epithelial carcinoma cell line was used. The cells were routinely grown 
as a monolayer either in F25 flasks, on culture dishes with or without glass coverslips placed into 
the dishes, using Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% (v/v) fetal 
bovine serum (FBS), 50 units/mL penicillin, 50 µg/mL streptomycin, and 1% (v/v) 0.2 M L-glutamine 
(all from Gibco). Cell cultures were performed in an incubator with 5% of CO2 at 37 ºC. In all cases 
subconfluent cell cultures were used. 
 
Preparation and incubation of HeLa cells 
 Stock solutions 8.0 x 10-4 M of the PS were prepared in dimethyl sulfoxide (DMSO, 
Panreac). Work solutions were prepared from the stock solutions in DMEM with 10% FBS. The 
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final concentration of DMSO was  always inferior to 0.5% (v/v) and the lack of toxicity of this DMSO 
concentration for HeLa cells was tested and confirmed. 
 
Subcellular localization of the photosensitisers 
 In order to analyze the localization of the PS, HeLa cells were cultivated over coverslips. 
When cells reached a confluence of about a 70%, they were incubated with PS 3, 9 or 12 for 17 
hours at 37 °C. Then, cells were washed with PBS, m ounted on slides and observed in situ through 
the fluorescence microscope using an excitation light between 460 and 490 nm. The subcellular 
localization was analyzed comparing the fluorescent signal pattern emitted by the compounds with 
that obtained by fluorescent markers of selective subcellular accumulation: Mitotracker Green 
(Invitrogen) to mitochondria, Lisotracker Green (Invitrogen) to lisosomes and NBD C6-ceramide 
(Invitrogen) to Golgi apparatus. 
 
Photodynamic treatments 
 Cells were incubated with variable concentrations of Ps for 4 h. After incubation, cells were 
irradiated for variable times (5, 10, 15, 20 or 30 min) with a red light emitting diode (LED, WP7143 
SURC/E) source with an emission peak at λ = 634 ± 20 nm and measured with a spectrometer 
(Fiberoptic). The irradiance at the cell culture was 6.2 mW/cm2 (Photocell PAR 190 Li-1000). 
 
Cell survival 
 Cell survival was evaluated 24 h after experimental treatments by the MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Sigma) assay.  A stock MTT solution (1 
mg/mL) in PBS (Gibco) was prepared immediately prior to use. Then, a solution of MTT with 
DMEM (10% FCS) was prepared (1 mL MTT-PBS/10 mL DMEM) and 500 µL of this solution was 
added to the culture dishes.  After incubation at 37 ºC for 3 h, the culture medium was removed 
and the precipitated formazan was dissolved in 500 µL of DMSO per well.  The absorption was 
measured at 542 nm in a spectrophotometer (Espectra Fluor 4, Tecan), and the cell survival 
expressed as a percentage of formazan absorption from treated cells in comparison with that of 
control cells. For the evaluation of cytotoxicity, the average absorbance of the control wells (which 
received no photosensitiser or photodynamic treatment), was regarded as 100%, and the 
percentage of cell growth in each well was calculated (% of control). The results obtained are mean 
value and standard deviation from three experiments. 
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Morphological studies 
 Changes in cell morphology were analyzed using bright field illumination, fluorescence 
microscopy under UV excitation or scanning electron microscopy. Cells grown on coverslips and 
subjected to photodynamic treatments were fixed either with methanol for cell morphology or with 
formaldehyde.  
 
General morphology 
 Cells were fixed in cold methanol (-20 ºC) for 7 min, air-dried and stained with H-33258 
(Sigma, 1:10000) for 5 min for fluorescence observations. After washing with distilled water and air 
drying, preparations were mounted in DePeX (Serva).  
 
Scanning electron microscopy (SEM) 
 Cells were fixed in 3% glutaraldehyde (Taab Labs.) for 1 h at room temperature and post-
fixed in 1% osmium tetroxide (Taab Labs.) for 1 h at room temperature. After fixation, cells were 
taken through a graded alcohol dehydration series, placed in a critical point dryer and viewed on 
the SEM. 
 
Immunostaining 
 For microtubules detection, cells grown on coverslips were fixed in cold methanol (-20 ºC) 
for 7 min at room temperature and were incubated with 50 µL of primary antibody, anti-α-tubulin 
(mouse IgG; Sigma; 1:50 in PBS/BSA) for 1 h at 37 ºC, under humid atmosphere. After washing in 
PBS, cells were incubated with 50 µL of the secondary antibody, goat anti-mouse IgG (Interchim; 
1:250 in PBS/BSA) for 1 h at 37 ºC, under humid atmosphere. Mitotic index (MI) was determined 
using the coverslips processed for immunodetection of MTs and counting cells in division 
(prophase, metaphase and anaphase-telophase steps). Metaphases were divided in normal and 
abnormal figures, depending on whether or not the spindle apparatus was clearly altered and 100 
cells in metaphase were counted for each point.  
 For microfilaments detection, cells grown on coverslips were fixed in 3.7% 
paraformaldehyde for 30 min at 4 ºC, and permeabilised with 0.1% Triton X-100 in PBS (v/v) for 30 
min at room temperature. Afterwards, cells were incubated with 50 µL of phalloidin (0.5% phalloidin 
in 1:90 PBS/BSA) for 30 min at room temperature. After general cytoskeleton detection, nuclei 
were stained with H-33258 for 5 min and mounted in Vectashield (Vector).  
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TUNEL assay 
 The TUNEL assay was used to detect DNA strand nicking on cells. Cells grown on 
coverslips were fixed in 3.7% paraformaldehyde for 3 min at room temperature and permeabilised 
with 0.1% Triton X-100 in PBS (v/v) for 2 min. Cells were subjected to the TUNEL reaction (50 µL 
of TUNEL label/TUNEL enzyme, Roche, 1:10) for 1 h at 37 ºC, under humid atmosphere. 
Afterwards, nuclei were stained with H-33258 for 5 min and mounted in Vectashield.  
 
Microscopy 
 Microscopic observations were carried out using an Olympus BX61 epifluorescence 
microscope equipped with filter sets for fluorescence microscopy: ultraviolet (UV, 365 nm, exciting 
filter UG-1), blue (450-490 nm, exciting filter BP 490) and green (545 nm, exciting filter BP 545). 
Photographs were obtained with the digital camera Olympus DP50 and processed using the Adode 
PhotoShop 7.0 software (Adobe Systems). Scanning electron microscopy was carried out using a 
Hitachi S-3000N, with an attached energy-dispersive X-ray (EDX) analyzer Oxford Instruments, 
model INCAx-sight. 
 
Flow cytometry 
 Flasks were trypsinised (saving the supernatant), centrifuged at 1800 rpm for 10 min and 
fixed with cold 70% (v/v) ethanol (-20 ºC). Immediately prior the measurement, cells were 
concentrated by centrifugation for 10 min (2500 rpm), resuspended with RNase solution (Sigma) 
and DNA was stained with propidium iodide (Sigma). Measurements were taken on a Beckman 
Coulter EPICS XL-MCL flow cytometer with argon laser line at 488 nm and complemented with 
appropriate filters. 
 
Western blot 
 Cells grown on flasks were washed twice in cold HMF-Ca buffer (10 mM HEPES, pH 7.4, 
100 mM NaCl, 10 mM CaCl2), and then lysed in NT buffer (50 mM Tris HCl, pH 7.4, 100 mM NaCl, 
5 mM MgCl2, 5 mM CaCl2, 1% NP-40, 1% Triton X-100) containing protease and phosphatase 
inhibitors (2 mM phenylmethylsulfonyl fluoride, 20 mg/mL aprotinin, and 1 mM sodium 
orthovanadate; all from Sigma) for 30 min at 48 ºC under agitation. Then, cells were scrapped from 
the dishes and centrifuged at 13000 rpm at 48 ºC for 10 min. Finally, supernatants were dissolved 
in Laemmli buffer, electrophoresed, and blotted on Immobilon-P membranes (Millipore) in a wet 
transfer apparatus (BioRad). Membranes were blocked in NET buffer (50 mM Tris HCl, 5 mM 
EDTA, 0.15 NaCl, 0.25% milk, 0.05% NP 40 v/v) containing 2% BSA for 1 h at room temperature 
and then incubated for 1 h at room temperature with the first antibody (mouse monoclonal 
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antibodies against poly ADP-ribose polymerase or PARP, from Transduction Laboratories, or cyclin 
D1 from Novocastra). After washing, membranes were subjected to the peroxidase-conjugated 
secondary sheep antibody (Amersham) and developed by chemiluminescence (ECL, Amersham). 
Bands corresponding to different proteins were quantified by scanning of photographs and then 
digitalized and analyzed with the Adobe Photoshop CS. 
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2. Synthesis of phthalocyanine-cyclodextrin/fullerene assembles suitable for host-guest 
supramolecular interactions in water 
 
 The aim of the work described in this chapter is the preparation of systems based on 
phthalocyanines coupled to cyclodextrins or to [60]fullerene (Figure 45). Two types of approaches 
were developed. The first involved the synthesis of ruthenium(II) phthalocyanines bearing axially β- 
and γ-cyclodextrin derivatives (24-27), and the second, the synthesis of dyads (33/34) where the 
zinc(II) phthalocyanine (32) is covalently linked to β- or γ-cyclodextrins. We also report the 
preparation of the zinc(II) phthalocyanine-[60]fullerene dyad (38), in which the two units are directly 
connected by the nitrogen atom of the pyrrolidine. 
 
 
Figure 45. Phthalocyanine-cyclodextrin/fullerene conjugates. 
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2.1. Overview  
 
 In biological systems the transfer of information between molecules occurs mainly by 
noncovalent interactions. For example, the naturally occurring DNA, in a form of a double helix, is 
perhaps the best known self-assembling structure in biological systems. Natural receptors such as 
enzymes and antibodies, also show strong and selective host–guest complexation through multiple 
weak noncovalent interactions.242 Supramolecular chemistry provides a powerful tool to construct 
complex chemical systems from small building blocks by self-assembly and recognition processes 
based on noncovalent interations.243-246 Moreover, the development of supramolecular biomaterials 
through inclusion complexation has opened a new approach for designing novel drug and gene 
delivery systems.247 The studies on supramolecular structures have been a fascinating research 
area, not only because they can help to understand natural supramolecular self-assembly and 
molecular recognition, but also because they can provide useful information about precursors for 
designing novel nanomaterials for electronics, and biomedical and pharmaceutical applications.247 
The main challenge for supramolecular chemistry in aqueous media is the design of water-soluble 
systems that have high affinity and selectivity for the binding guests in water.242,248 First, the host 
needs to be soluble in water.242 Therefore, some classes of receptors, such as cyclodextrins,249-255 
crown ethers,256 and azamacrocycles257-259 have been used for the construction of water-soluble 
building blocks. Another important feature of receptor is its capability to encapsulate several 
different guests, allowing molecular interactions of the water-soluble host with hydrophobic guests, 
and consequently providing solubility in aqueous media to the latter.242,260,261 
 Cyclodextrins, a group of naturally occurring cyclic glucose oligomers, play an important 
role in supramolecular chemistry since they are soluble in water, contain a well-defined 
hydrophobic molecular cavity, and can be modified with various functional groups.247,262 The most 
common cyclic oligosaccharides have six, seven or eight α-D-glucopyranose units bound by α-1,4-
linkages and are named as α-, β- or γ-cyclodextrins, respectively. Larger cyclodextrins have been 
isolated and studied, however because they do not form well-defined molecular cavities, their use 
is quite limited.251 A general structure and a schematic side view of β- and γ-cyclodextrins are 
shown in Figure 46 and a brief overview to cyclodextrins is presented in the introduction of this 
dissertation. 
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Figure 46. General structure (left and centre) and schematic side view (right) of β- and γ-cyclodextrins. 
 
 The geometry of cyclodextrins gives the shape of a hollow truncated cone. The interior, 
lined with C–H groups and glycosidic oxygen bridges, is hydrophobic in comparison with the 
exterior that is hydrophilic due to hydroxyl groups. Consequently, cyclodextrins are water-soluble 
and form inclusion host–guest complexes with a variety of guest molecules.25,142,251 In Table 7 are 
listed the molecular dimensions of  β- and γ-cyclodextrins, as well as their water solubility.25 
 
 
Table 7. Molecular dimensions and solubility of β- and γ-cyclodextrins. 
 
 Since cyclodextrins are spectroscopically inert, the inclusion phenomena have usually 
been studied using spectroscopically active guest molecules. The polarity of the cyclodextrin cavity 
is estimated to be similar to that of solvents like methanol, ethanol, diisopropyl ether and ethylene 
glycol,263 so that analytes complexed in the cyclodextrin cavity can be protected in the excited state 
from nonradiative and quenching processes that may occur in bulk aqueous solution.142,264-270 The 
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formation of inclusion complexes of cyclodextrins with porphyrins or phthalocyanines can modify 
the photochemical and photophysical properties of the guests, because cyclodextrins can provide a 
microscopical apolar environment in their cavity, enhance the solubility of highly insoluble guests 
and even prevent self-aggregation of the macrocycles.271-274 The study on the supramolecular 
systems of porphyrins with cyclodextrins has received great attention, and several examples of 
these systems based on either host-guest interactions266-275 or covalently linked conjugates,276-281 
have been widely reported. Despite all this research focused on porphyrin derivatives, examples of 
host-guest systems involving phthalocyanines63,265,282,283 and covalently linked cyclodextrin-
phthalocyanine conjugates188 are still relatively scarce. 
 Fullerenes are also employed as suitable building blocks for the development of 
multicomponent systems because of their three-dimensional structure, relatively low reduction 
potentials and strong electron acceptor properties.284 The unique and interesting features exhibited 
by fullerenes and their derivatives, make them promising for different scientific disciplines, ranging 
from materials chemistry285 to bio-medical applications.286 In the biological field, fullerenes have 
attracted increasing attention of organic and medicinal chemists, as well as pharmacologists and 
biologists for the development of a new field - the medicinal chemistry of fullerenes.287 Since the 
isolation of fullerenes in 1990, many efforts have been devoted to the application of fullerenes and 
their derivatives. [60]Fullerene possesses a variety of interesting biological properties, such as HIV-
protease (HIV-P) inhibition, DNA photocleavage, neuroprotection, antibacterial activity, apoptosis, 
anti-apoptotic and/or anti-aging agent. Unfortunately, the low solubility in biological fluids, due to its 
natural repulsion to water, limits the use of these compounds as new pharmacophores.287,288 
Encapsulation of [60]fullerene in cyclodextrins or in calixarenes or water suspension preparations, 
as well as the covalent attachment of water-soluble appendages (such as dendrimers, 
cyclodextrins or calixarenes) are useful methodologies for overcoming this limitation. 287,289 
 
2.2.  Synthesis of water-soluble supramolecular systems based on ruthenium(II) 
phthalocyanine complexes with β- and γ-cyclodextrin derivatives 
 
 Currently, much attention have been focused on ruthenium complexes of phthalocyanines, 
owing to their promising spectral, electronic, photoelectrochemical and redox properties. 
Ruthenium phthalocyanine complexes have been applied for catalysis, dye-sensitized solar cells, 
thin films (Langmuir–Blodgett films, self-assembled monolayers), as well as for photodynamic 
therapy as photosensitising element.290 A wide range of compounds can be designed allowing a 
systematic variation of their physical properties. Substitution with axial ligands containing water 
solubilising groups leads to isomerically pure ruthenium phthalocyanines with satisfactory water 
solubility suitable for in vitro and in vivo biological studies.291,292 Several different ruthenium 
phthalocyanine ring systems, with water solubility, nonaggregating characteristics, and strongly 
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absorbing in the 600-700 nm region, have been prepared in high purity.290,291 The activity of 
ruthenium(II) phthalocyanines and naphthalocyanines were tested in vitro against HeLa tumour 
cells and showed good photodynamic activity.290,291,293 Furthermore, PDT experiments in mice 
revealed that radiation-induced fibrosarcoma tumour cells could be completely destroyed using this 
complex.294 
 In the following section, it is reported the synthesis of the water-soluble ruthenium(II) 
phthalocyanine-cyclodextrin triads 24-27 (Scheme 12). The synthetic strategy involved the 
synthesis of the pyridyl derivatives 17-21 via the β/γ-cyclodextrin precursors 13-16 and the 
ruthenium(II) phthalocyanine (23).  
 
Scheme 12. Synthetic approach to ruthenium(II) phthalocyanine-β/γ-cyclodextrin triads (24-27). 
 
 First, it will be described the synthesis of the β/ γ-cyclodextrin precursors 13-16 and the 
corresponding pyridyl derivatives 19-21, followed by the synthesis of phthalocyanine 23. Finally, 
the synthesis of the triads 24-27 will be reported. 
 
2.2.1.  Synthesis of β- and γ-cyclodextrin precursors 
 
 Various procedures are known for the selective activation of certain hydroxyl groups of 
cyclodextrins. In most cases, the activation takes place by sulfonylation of one or more of the 
hydroxyls, which in turn can be substituted with various nucleophiles like iodide, thiols, ammonia 
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and amines. Substitution with sodium azide (NaN3)295-297 leaves the possibility for further 
functionalization as, for example, the reduction of the azide to an amino group298 or its oxidation to 
a carbonyl group.299 Only few examples are known for the selective introduction of functional 
groups at the primary face of cyclodextrins without prior activation of one of the hydroxyls by 
sulfonylation.188,300-303 
 
Synthesis of the β-cyclodextrin precursors 13 and 14 
 In Scheme 13 is depicted the synthetic approach to prepare the precursors mono-6-(p-
tolylsulfonyl)-β-D-cyclodextrin (TsO-β-CD, 13)  and mono-6-azido-6-deoxy-β-D-cyclodextrin (N3-β-
CD, 14). 
 
Scheme 13.  i) p-Toluenesulfonyl chloride, water, Ar, rt, 22%; ii) NaN3, water, 80 ºC, 93%. 
 
 Several methods have been published for monotosylation of β-cyclodextrin, with yields 
ranging from poor to moderate. Typically, the monotosylation is performed with 4-toluenesulfonyl 
chloride in pyridine (20-30% yield),304,305 or in aqueous solution (11% yield).296,306 p-Toluenesulfonic 
anhydride has also been used to introduce the tosyl group leading to yields of 61%.307 From the 
experimental procedures attempted by us, the most useful for obtaining the desired product was 
published by Engman and co-workers.306 p-Toluenesulfonyl chloride and β-cyclodextrin were 
stirred in water for 2 h at room temperature under inert atmosphere. Aqueous NaOH was then 
added to complete the reaction and the pH was adjusted to ca. 8 by addition of ammonium 
chloride. The solution was cooled and the resulting white precipitate was collected by filtration and 
washed with acetone. Repeated crystallisations from water afforded pure TsO-β-CD 13 in 22% 
yield. The regiospecificity of this monotosylation, which occurs specifically in the 6-position of a 
glucose unit, has been attributed to the complexation of the p-toluenesulfonyl chloride into the β-
cyclodextrin's cavity prior to the reaction.308 
 Finally, TsO-β-CD 13 could be converted nearly quantitatively to the corresponding N3-β-
CD 14, according to a experimental procedure published in literature.309 Reaction of the 
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sulfonylated cyclodextrin with sodium azide (NaN3) in water at 80 ºC for 6 h, gave the N3-β-CD 14  
in 93% yield. The 1H NMR spectra of 13296 and 14309 are identical to those reported in literature. 
 
Synthesis of the γ-cyclodextrin precursors 15 and 16 
 A similar methodology was followed to prepare the γ-cyclodextrin precursors (Scheme 14), 
mono-6-(2-naphthylsulfonyl)-γ-D-cyclodextrin (naphthylsulfonyl-γ-CD, 15) and mono-6-azido-6-
deoxy-γ-D-cyclodextrin (N3-γ-CD, 16). However, the monofunctionalization of γ-cyclodextrin takes 
place with 2-naphthalenesulfonyl chloride instead of 4-toluenesulfonyl chloride.310,311 
 
Scheme 14. i) 2-Naphthalenesulfonyl chloride, pyridine, 5 ºC to rt, 74%; ii) NaN3, water, 80 ºC, 93%. 
  
 Naphthylsulfonyl-γ-CD 15 was obtained in 74% yield, according to the experimental 
procedure reported by Osa et al.,311 by reacting γ-cyclodextrin and 2-naphthalenesulfonyl chloride 
in pyridine at room temperature for 6 h. Subsequently, the sulfonylated γ-cyclodextrin 15 was 
treated with sodium azide in water at 80 ºC for 6 h, affording the azide 16 in 93% yield. The 
structures of 15 and 16 were confirmed by NMR and mass spectrometry. 
 
2.2.2. Synthesis of β- and γ-cyclodextrin pyridyl derivatives 
 
Synthesis of the pyridyltriazole β- and γ-cyclodextrin derivatives 17 and 18 
 Numerous modified cyclodextrins have already been elaborated, but the synthesis of many 
of them are fastidious, time-consuming and the yields are often low. In recent years, the need to 
have access to easily elaborated cyclodextrins prompted many scientists to develop new synthetic 
pathways toward better performing systems.312,313 For that purpose, "click chemistry" reactions 
have been the most applied approaches, namely the copper-catalysed azide-alkyne 
cycloaddition.67,312-316 
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 The Cu(I)-catalysed azide-alkyne 1,3-dipolar cycloaddition has shown to be highly efficient 
for coupling molecules. By applying "click chemistry" to 4-ethynylpyridine and mono-6-azido-6-
deoxy-β/γ-cyclodextrins (14/16), β- and γ-cyclodextrin derivatives 17 and 18 were prepared 
(Scheme 15). 
 
Scheme 15. CuSO4.5H2O, Et3N, 4-ethynylpyridine hydrochloride, sodium ascorbate, DMSO, 50 ºC, 75% (17), 
78% (18). 
 
 The coupling reactions were performed in DMSO at 50 ºC. Since the 4-ethynylpyridine is 
added as the hydrochloride salt, first, it was necessary to proceed to its neutralization using 
triethylamine (Et3N). Subsequently, N3-β-CD 14 or N3-γ-CD 16, copper(II) sulfate pentahydrate and 
a freshly prepared solution of sodium ascorbate in water were added. After 72 h, the reaction 
mixture was filtrated to remove impurities (copper salts) and the filtrate was poured into acetone. 
The resulting precipitate was collected by filtration and washed with acetone to remove the excess 
of 4-ethynylpyridine. The desired compounds β- and γ-CD-triazolePy (17 and  18) were obtained as 
a yellowish powder in 75% and 78% yield, respectively. 
 The MALDI-MS and 1H NMR spectra confirmed the structure of β/γ-CD-triazolePy (17/18). 
The MALDI-MS spectrum of β-CD-triazolePy (17) shows a peak at m/z 1285, corresponding to ion 
[M+Na]+. While, the MALDI-MS spectrum of γ-CD-triazolePy (18) shows peaks at m/z 1447 and 
1486, that correspond to ions [M+Na]+ and [M+Na+K]+, respectively. Although the 1H NMR spectra 
revealed that the ethynylpyridine had been successfully added to the cyclodextrin, by the presence 
of the triazole proton at around δ 8.8 ppm, the signals were broadened and overlapped. This is a 
consequence of the substitution of the cyclodextrin, which induces modification on its conical 
structure, leading to non-equivalent glucopyranose units. Interestingly, the signals due to the 
resonances of the pyridine protons do not appear in the aromatic region. Certainly, the signals of 
these protons are shifted to upfield, indicating that the pyridine ring was included in the cyclodextrin 
cavity317 and, consequently, their protons cannot be distinguished from those of cyclodextrin. In 
Figure 47 is shown the proposed structures for the possible inclusion complexes of β- and γ-CD-
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triazolePy (17 and 18) in DMSO-d6, which may be the result of intramolecular or intermolecular 
interactions. 
   
(a)     (b) 
Figure 47. Proposed structures of intramolecular (a) and intermolecular (b) inclusion complexes. 
 
 In the 1,3-dipolar cycloaddition, a 1,3-dipole (for example, azides, nitriloxides or 
diazoalkanes) reacts with a dipolarophile (for example, alkenes, alkynes or carbonyl) via a 
concerted mechanism to form a five-membered heterocycle.318,319 The most important reaction 
within "click chemistry" 320 is the cycloaddition between an azide and an alkyne producing a 1,2,3-
triazole.321 However, this reaction gives poor regioselectivity leading to a mixture of 1,4- and 1,5-
regioisomers and, may require elevated temperatures since alkynes are poor dipolarophiles 
(Scheme 16).321,322 
 
Scheme 16. Formation of 1,4- and 1,5-disubstituted triazoles. 
 
 Meldal et al. 323 and Sharpless et al.,321 independently discovered a modification of the 
Huisgen reaction, in which addition of copper(I) to the reaction mixture results in only 1,4-
disubstituted 1,2,3-triazoles. Different copper(I) sources can be used directly as catalyst, such as 
CuI, CuOTf.C6H6 and [Cu(NCCH3)4][PF6]. However, Sharpless and co-workers found  that the 
catalyst is better prepared in situ by reduction of copper(II) salts. Copper(I) can be generated by 
using copper(II) sulfate pentahydrate and ascorbic acid and/or sodium ascorbate as reducing 
agent.321 The reaction appears to be very tolerant and does not require any special precautions. It 
can be performed at ambient temperature in a variety of solvents, including aqueous ethanol, or 
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even in water with no organic co-solvent.320 Furthermore, azides emerge as unique for "click 
chemistry" proposes, owing to their extraordinary stability toward water and oxygen, and the 
majority of organic synthetic conditions.324,325  
 The copper(I)-catalysed cycloaddition between the azide and the alkyne proceeds through 
a stepwise mechanism as illustrated in Scheme 17.321,326 Ligands are represented by Ln and 
symbolise a wide variety of possible compounds, depending on the catalyst used. The mechanism 
starts by coordination of the alkyne (II) to copper(I) (I) with formation of the copper(I) acetylide 
(III). In the next step, N(1) of the azide (IV) displaces one of the ligands to form V. Due to proximity 
and electronic factors, N(3) attacks on C(2) of the acetylide, leading to the intriguing six-membered 
copper containing intermediate VI. Rearrangement of VI gives the five-membered specie VII. Once 
VII is formed, the attached copper immediately complexes to a second terminal alkyne. However, 
this second alkyne cannot undergo a cycloaddition due to the unfavorable structure of the complex, 
and it dissociates upon protonation to reform VII. One final protonation releases the copper(I) 
catalyst from the 1,2,3-triazole product VIII, to undergo a second catalytic cycle with new 
substrates. Probably, both of these protonations result from interactions with protonated base 
and/or solvent.327 
 
Scheme 17.  Proposed catalytic cycle for the copper(I)-catalysed formation of 1,4-disubstituted-1,2,3-triazole. 
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Synthesis of the pyridylamino- β- and γ-cyclodextrin derivatives 19, 20 and 21 
  We explored additional approaches to achieve cyclodextrins bearing a pyridyl unit on the 
primary face, based on the easily displacement of the sulfonate group by nucleophiles. For 
instance, the nucleophilic substitution of the tosyl group in derivative 13 by 4-aminopyridine was 
proposed to prepare mono-6-deoxy-6-(4-pyridylamino)-β-D-cyclodextrin (pyridylamino-β-CD, 19) 
(Scheme 18). 
 
Scheme 18. 4-Aminopyridine, DMF, 90 ºC, 58%. 
 
 The reaction was performed stirring TsO-β-CD 13 and 4-aminopyridine in DMF at 90 ºC for 
6 h. The desired compound was obtained pure in 58% yield after repeated crystallisations from 
water. The MALDI-MS spectrum confirmed the structure of the cyclodextrin derivative 19 showing a 
peak at m/z 1211 that corresponds to the ion [M+H]+. Nevertheless, the 1H NMR spectrum of 19 in 
DMSO-d6 (Figure 48) revealed the presence of structural isomers resulting from an imine-enamine 
type tautomerism, as shown in Scheme 19. 
  
Scheme 19.  Structural isomers of compound 19. 
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 The signals due to the resonance of the cyclodextrin protons appear between δ 2.8 and 6.2 
ppm. The monofunctionalization of the cyclodextrin affected its conical structure, and therefore led 
to non-equivalent glucopyranose units. Signal assignment of the cyclodextrin protons is detailed in 
the 1H NMR spectrum. The doublet observed at δ 4.96 ppm (J = 3.4 Hz) corresponds to the 
resonance of NH proton from the tautomer A. At δ 6.76 and 8.09 ppm appear two doublets (J = 7.1 
Hz) that correspond to the resonance of protons 3',5'-H and 2',6'-H, respectively, both from the 
tautomer A. The resonance of protons from the tautomer B emerge at δ 7.11 and 7.47 ppm as two 
doublets (J = 8.0 Hz) attributed to 2'',6''-H, 3'',5''- H, respectively, and at δ 8.04 ppm appears the 
singlet due to the resonance of proton 1''-H. The OH protons were unequivocally assigned by the 
disappearance of these signals when D2O was added. 
 
Figure 48. 1H NMR spectrum of pyridylamino-β-CD 19  in DMSO-d6. 
 
 In order to avoid the presence of tautomers, 4-(aminomethyl)pyridine was used as starting 
material, leading to pyridylmethylamino-cyclodextrins 20 and 21 (Scheme 20).  
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Scheme 20. 4-(Aminomethyl)pyridine, DMF, 90 ºC, i) 68% (20); ii) 67% (21). 
 
 The reactions were performed in DMF at 90 ºC, stirring TsO-β-CD 13 or naphthylsulfonyl-γ-
CD 15 together with 4-(aminomethyl)pyridine for 6 h. β-CD-Py 20 and γ-CD-Py 21 were obtained in 
68% and 67% yield, respectively. The structures of compounds 20 and  21 were confirmed by 1H 
NMR spectroscopy and mass spectrometry. 
 The 1H NMR spectrum of β-CD-Py 20 recorded in DMSO-d6 is quite well-defined (Figure 
49). It shows a broad singlet at δ 1.95 ppm attributed to the resonances of the NH proton. The 
multiplet at δ 2.82-2.93 ppm corresponds to the resonance of two protons 6-H, among the II-VII 
glucopyranose units of the β-cyclodextrin. The signal corresponding to the resonance of the other 
6-H protons (CH2) appears between δ 3.33-3.49 ppm as a multiplet, which overlap with HOD 
(present in DMSO). Between δ 3.58 and 3.73 ppm appears a multiplet that corresponds to the 
resonances of 2,3,4,5-H protons of the cyclodextrin and CH2 protons of the pyridine unit (CH2-Py). 
At δ 4.43-4.55 ppm appears a multiplet corresponding to the resonance of the six OH protons of 
the 6-position of the cyclodextrin (CH2-OH) and at δ 4.78-4.84 ppm appears a multiplet that 
corresponds to the resonance of the seven 1-H protons. The signal of thirteen OH protons at the 
positions 2 and 3 (2,3-OH) emerges as a multiplet at δ 5.69-5.80 ppm, while one of them appears 
as a doublet at δ 5.87 ppm (J = 6.2 Hz). The pyridine protons emerge as a set of two doublets at δ 
7.33 (J = 5.1 Hz)  and 8.45 (J = 5.1 Hz) ppm corresponding to the resonance of 3',5'-H and 2',6'-H, 
respectively. 
 
β/γ-CD
HN
N
CH2
2'
3'
5'
6' 1'
O
SO O
CH3
β-CD
O
SO O
γ-CD
13 1520/21
i) ii)
Chapter 2. Synthesis of phthalocyanine-cyclodextrin/fullerene assembles 
 
104 
 
 
Figure 49. 1H NMR spectrum of β-CD-Py 20 in DMSO-d6. 
 
 The 1H NMR spectrum of γ-CD-Py 21 recorded in DMSO-d6 is quite similar to the one of β-
CD-Py 20. The signal corresponding to the resonance of the NH proton appear as a broad singlet 
at δ 1.90 ppm. The signal of the CH2 protons emerges as a multiplet that overlaps with HOD at δ 
3.33-3.38 ppm. Between δ 3.52 and 3.63 ppm appears a multiplet that corresponds to the 
resonance of 2,3,4,5-H and CH2-Py, and between δ 4.51 and 4.64 ppm appears a multiplet 
corresponding to the resonance of the OH protons at the 6-position (CH2-OH). The signal of the 
eight 1-H protons emerges as a multiplet at δ 4.88-4.89 ppm. The multiplet between δ 5.70 and 
5.94 ppm is due to the resonance of 2,3-OH protons. The pyridine protons emerge as a set of two 
doublets at δ 7.34 (J = 5.5 Hz)  and 8.46 (J = 5.5 Hz) ppm corresponding to the resonance of 3',5'-
H and 2',6'-H, respectively. 
 
2.2.3. Synthesis of [bis(benzonitrile)-2,9(10),16(17),23(24)-tetra-tert-butyl 
phthalocyaninato]ruthenium(II) (23) 
 
 In general, metallophthalocyanines are prepared by one of two methods: (i) 
cyclotetramerisation of a phthalic acid derivative (such as, phthalonitrile or diiminoisoindoline) in the 
presence of a metal salt; or (ii) insertion of a metal into a preformed metal-free phthalocyanine. In 
the case of ruthenium phthalocyanines, the last approach is not commun, except for the synthesis 
of complexes with substituted macrocycles.328,329 
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 We now report the synthesis of the ruthenium(II) phthalocyanine 23 bearing two 
benzonitriles as axial ligands, starting from the corresponding metal-free tetra-tert-
butylphthalocyanine 22 (Scheme 21). 
 
Scheme 21. i) Lithium, pentan-1-ol, Ar, 140 ºC, 39%; ii) Ru3(CO)12, benzonitrile, Ar, reflux, 51%. 
 
 Tetramerization of 4-tert-butylphthalonitrile in pentan-1-ol at 140 ºC, in the presence of 
lithium, afforded the free-base tetra-tert-butylphthalocyanine 22 in 39% yield, after being purified by 
silica gel column chromatography. Treatment of the initially formed tBu4PcH2 22 with Ru3(CO)12 in 
refluxing benzonitrile under inert atmosphere led to (PhCN)2RuPc 23, which was purified by column 
chromatography and isolated in 51% yield. The 1H NMR and UV/Vis spectra of 22 and 23 are 
identical to those already reported.328,330 
 Prolonged refluxing in benzonitrile under inert atmosphere is essential for the exclusive 
formation of ruthenium phthalocyanines bearing two labile ligands.290 When reduced reaction times 
and/or carbon monoxide (CO) are employed, mixtures of ruthenium phthalocyanines, identified as 
(PhCN)2RuPc and (CO)RuPc (as the main product), are observed.328,329 However, this mono-
carbonyl complex ((CO)RuPc) can be successfully converted into the desired (PhCN)2RuPc by 
further heating in benzonitrile, as illustrated in Scheme 22.290,328,331 
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Scheme 22 
 
2.2.4. Synthesis of the ruthenium(II) phthalocyanine-β/γ-cyclodextrin triads (24-27) 
 
 The desired triads 24-27 were obtained by reaction of (PhCN)2RuPc 23 with the ligands 
β/γ-CD-triazolePy (17/18) or β/γ-CD-Py (20/21), as illustrated in Scheme 23.  
 
Scheme 23.  β/γ-CD-triazolePy (17/18) or β/γ-CD-Py (20/21), THF-water, 60 ºC, 19% (24),13% (25), 13% 
(26),12% (27). 
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 It is known that the reaction of (PhCN)2RuPc with only 1 equiv of pyridine leads to a 1:1 
mixture of (PhCN)2RuPc and (pyridine)2RuPc and the product evolving from a single substitution is 
never detected.329 This synthetic control is particularly useful for the exploitation of ruthenium 
phthalocyanines, avoiding the attainment of a complex mixture of by-products. 
 In a complementary approach, the related 1:2 arrays were prepared by treatment of 
(PhCN)2RuPc with 2 equivalents of pyridine derivatives. To a solution of (PhCN)2RuPc 23 in THF  
was added the pyridyl-cyclodextrin derivative dissolved in a mixture of THF-water. The solution was 
stirred at 60 ºC for about 24 h, until the TLC confirmed no further conversion of the starting 
(PhCN)2RuPc. Compounds with low polarity, probably due to decomposition of the starting 
phthalocyanine, were observed by TLC. The solvent THF was then removed under diminished 
pressure and the reaction mixture was poured into acetone. The products precipitated from the 
solution were collected by filtration and the by-products, as well as the unreacted (PhCN)2RuPc, 
were washed off from the crude with acetone. The arrays containing the triazole as the linker, 24 
(19%) and 25 (13%), were further washed with a mixture of 10% water in methanol. While the 
arrays containing the methylamino group as the linker, 26 (13%) and 27 (12%), were washed with 
a  mixture of 10% water in THF. All these supramolecular systems are quite well soluble in water 
and their structures were confirmed by NMR and UV/Vis spectroscopies and HRMS. 
 The UV/Vis spectra of (PhCN)2RuPc and the four arrays (24-27) in DMSO are depicted in 
Figure 50. The spectra present four main UV/Vis absorption bands, a typical feature of six-
coordinate ruthenium phthalocyanine complexes. 
 
Figure 50. UV/Vis spectra of (PhCN)2RuPc 23, (β/γ-CD-triazolePy)2RuPc (24/25) and (β/γ-CD-Py)2RuPc 
(26/27) in DMSO. 
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 The intense Q band appears in the region of 629–648 nm and the Soret band around  316 
nm; these bands are assigned to a π→π* transition within the macrocycle. Accompanying the Q 
band is observed a weak shoulder between 573 and 585 nm. A relatively weak band, often seen as 
a shoulder to the Soret band, appears in the region 366–385 nm. This weaker absorption has been 
attributed to a charge transfer (CT) transition332,333 although the exact nature of the transition is 
unclear.334 Another weak band at 435–475 nm, has been reported for complexes of ruthenium 
phthalocyanines bearing axial aromatic N-heterocycles, which is attributed to metal-to-ligand 
charge transfer.335 
 The 1H NMR spectra of the triads 24-27 in DMSO-d6 showed broad and overlapped signals 
typical of substituted cyclodextrins between δ 2.7 and 5.8 ppm. Owing to the non-equivalent 
glucopyranose units, complete signal assignment was therefore difficult. Related to the 
phthalocyanine proton resonances, the peripheral tert-butyl groups emerge around δ 1.7 ppm, 
while the α- and β-protons appear at δ 7.7-8.0 and 8.9-9.0 ppm, respectively. Comparing the 1H 
NMR spectra of the triads (24-27) acquired before and after washing the crude reaction with 10% 
water in methanol or THF, we observed the disappearance of the pyridine protons from the 
aromatic region after complete work-up. This fact confirms that the unreacted pyridyl cyclodextrin 
derivatives were efficiently washed off from the crude reaction, since it is known that the protons of 
the axial ligands are considerably shielded by the phthalocyanine diamagnetic ring current, which 
induces an upfield shift of the ligand protons.290 However, the protons of the pyridyl unit could not 
be distinguished from those of the cyclodextrin and consequently, their signal assignment was 
difficult. On the other hand, in the 1H NMR spectra of (β-CD-triazolePy)2RuPc (24) and (γ-CD-
triazolePy)2RuPc (25) could be easily assigned the signal due to the resonance of the triazole 
proton, which emerges at 8.80 ppm. 
 The MALDI mass spectra of (β-CD-triazolePy)2RuPc (24) and (β-CD-Py)2RuPc (26) 
showed the ion [M+H]+ at m/z 3358 and 3283, respectively. On the other hand, the MALDI mass 
spectra of (γ-CD-triazolePy)2RuPc (25) and (γ-CD-Py)2RuPc (27) revealed the presence of peaks 
at m/z 2256 corresponding to the fragment (γ-CDtriazolePy)1RuPc, and at m/z 2224 due to 
fragment (γ-CDPy)1RuPc, respectively. Beside these main ions, the mass spectra of all these 
compounds showed additional peaks, suggesting that the MALDI technique is rather energetic for 
the characterisation of these ruthenium phthalocyanine complexes, which leads to their 
fragmentation. 
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2.3. Synthesis of zinc(II) phthalocyanine-cyclodextrin dyads 
 
 Several strategies have been explored to generate hydrophilic and nonaggregated 
phthalocyanines, which include the introduction of bulky hydrophilic groups,336 the use of 
surfactants,337 or through host-guest interactions.63,265,282,283,316,338-340 As aforementioned, 
cyclodextrins are well-known for their unique inclusion property toward a wide range of hydrophobic 
species, and have been used to provide hydrophilicity and efficiently disaggregate organic 
molecules in aqueous media.341 In literature, examples of supramolecular systems based on host-
guest interactions by the complexation of phthalocyanines with cyclodextrins,265,283,338-340 are quite 
common, while for covalently linked systems only one example has been published.188 
 Herein, we report the construction of covalently linked zinc(II) phthalocyanine-β/γ-
cyclodextrin dyads. The synthetic startegies studied involved nucleophilic substitution and "click 
chemistry" approaches (Figure 51). 
 
 
Figure 51. Synthetic approaches studied to obtain Zn(II) phthalocyanine-cyclodextrin dyads. 
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2.3.1. Synthetic approach based on a nucleophilic substitution reaction 
 
 The synthetic approach based on a nucleophilic reaction required the preparation of the 
phthalocyanine 30, which was obtained by the statistical cross-condensation of 4-tert-
butylphthalonitrile with 4-hydroxymethylphthalonitrile (29).  
 
Scheme 24. Zn(OAc)2, DMAE, Ar, reflux, 36%. 
 
 The 4-hydroxymethylphthalonitrile (29) was synthesised starting from 4-methylphthalonitrile 
according to Scheme 25.  
 
Scheme 25. i) NBS, AIBN, CCl4, Ar, reflux; ii) diethyl phosphite, DIPEA, THF, 0 ºC; iii) AgNO3, water/EtOH, 
Ar, reflux, 41%. 
 
 The method used to obtain the benzylic bromide 28 was the classical free radical 
bromination using N-bromosuccinimide (NBS).342 Frequently, the bromination of benzylic 
compounds using an excess of NBS in CCl4, leads to polybrominated mixtures of difficult 
purification; the products obtained usually have similar Rf values. Many reports have demonstrated 
that diethyl phosphite–triethylamine system is a good choice for debromination to the 
corresponding monobromo compounds in good yields.343 Accordingly, the bromination of 4-
methylphthalonitrile was carried out with 3 equivalents of NBS in CCl4 at reflux temperature for 24 h 
in the presence of a catalytic amount of the radical initiator AIBN (2,2'-azobis-(2-
methylpropionitrile)). Then, the succinimide was filtered off and washed with CCl4, the resulting 
orange oil obtained after evaporation of the solvents, was refluxed again in CCl4 together with NBS 
and AIBN under inert atmosphere for more 24 h. This process was repeated until the TLC 
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confirmed the full conversion of the starting material. The 1H NMR spectrum of the crude reaction 
mixture confirmed the presence of a mixture of mono-, di- and tribrominated products. The 
debromination of the polibrominated products to the corresponding monobromide phthalonitrile 28 
was achieved by stirring the reaction mixture with diethyl phosphite and DIPEA in THF at room 
temperature. After 22 h of reaction, another portion of diethyl phosphite and DIPEA were added 
and the mixture was stirred for more 24 h at room temperature. Then, the solvent was removed 
under diminished pressure and the solid was taken in dichloromethane, washed with 0.1 M HCl 
and the organic layer was dried (Na2SO4) and concentrated. The TLC and 1H NMR of the reaction 
mixture confirmed the presence of the desired phthalonitrile 28 as the major product acompained 
with a minor amount of 4-methylphthalonitrile resulting from further debromination. The mixture was 
used in the next step reaction without any further purification. 
 Finally, the 4-hydroxymethylphthalonitrile (29) was prepared by suspending the reaction 
mixture obtained in the last step and silver nitrate (AgNO3) in a mixture of water-ethanol and 
refluxed for 4 days. Then, the silver salt was filtered off, and the resulting yellowish solid obtained 
after evaporation of the solvents, was extracted for 24 h with dichloromethane using a Soxhlet. 
After being purified by silica gel column chromatography using a gradient of dichloromethane/ethyl 
acetate as the eluent, the desired phthalonitrile 29 was obtained in 41% yield as a white powder. 
 The statistical cross-condensation of 4-hydroxymethylphthalonitrile (29)344 with 4 
equivalents of 4-tert-butylphthalonitrile in the presence of zinc(II) acetate in refluxing DMAE 
phthalocyanine 30 in 36% yield, after purification by silica gel column chromatography (Scheme 
24). The structure of compound 30 was confirmed by 1H NMR and MALDI mass spectrometry and 
it is identical to that reported in literature.344 
 In Scheme 26 is depicted the experimental conditions attempted to obtain the 
phthalocyanine-cyclodextrin dyad, by nucleophilic substitution of the tosyl group in TsO-β-CD 13 by 
the hydroxyl group of phthalocyanine 30. 
  
Scheme 26. i) TsO-β-CD 13, K2CO3 or Cs2CO3, DMF. 
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 Phthalocyanine 30, TsO-β-CD 13 and a base, potassium carbonate (K2CO3)  or cesium 
carbonate (Cs2CO3), were stirred in dry DMF under inert atmosphere at room temperature. The 
evolution of the reaction was followed by TLC and no conversion of the starting phthalocyanine 
was observed after 24 h of reaction. The temperature reaction was then increased to 80 ºC. 
Nevertheless, besides the starting phthalocyanine, no products were detected in the following 72 h 
of reaction. Unfortunately, the phthalocyanine-cyclodextrin dyad was not attained using these 
reactional conditions, probably due to the fact that the alkoxide ion created on phthalocyanine 30, 
is not reactive enough for the nucleophilic substitution reaction studied. 
 
2.3.2. Synthetic approach based on "click chemistry" 
 
Synthesis of [2,9(10),16(17)-tri-tert-butyl-23(24)-(4-ethynylbenzyloxy)phthalocyaninato]zinc(II) (32) 
 Easy, versatile and efficient synthetic methodologies are desired to obtain phthalocyanine-
cyclodextrin dyads. For this purpose, we decided to use “click chemistry” reactions, namely the 
Cu(I)-catalysed 1,3-dipolar cycloaddition, starting from the easily accessible β/γ-cyclodextrin azides 
(14/16) and the phthalocyanine 32. In Scheme 27 is shown the synthetic route to achieve the 
phthalocyanine 32. 
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Scheme 27.  i) K2CO3, DMF, N2, 40 ºC, 51%; ii) Zn(OAc)2, DMAE, N2, 140 ºC, 15%. 
 
 It involved the preparation of the 4-(4-ethynylbenzyloxy)phthalonitrile (31), which was 
obtained by nucleophilic substitution starting from 4-nitrophthalonitrile and 4-
(trimethylsilylethynyl)benzyl alcohol. The protected ethynylbenzyl alcohol and 4-nitrophthalonitrile 
were stirred in DMF in the presence of potassium carbonate (K2CO3) at 40 ºC under inert 
atmosphere. Further portions of potassium carbonate were added to the reaction mixture in a 
period of 4 days, until the TLC confirmed the full conversion of the starting material. Under these 
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reaction conditions took place also the elimination of the trimethylsilyl protecting group, affording 
phthalonitrile 31 in 51% yield, after purification by silica gel column chromatography. The structural 
elucidation of the new compound involved the use of NMR techniques (1H, 13C, HSQC and HMBC) 
and HRMS. The 1H NMR spectrum of phthalonitrile 31 in CDCl3 (Figure 52) shows two singlets at δ 
3.13 and 5.16 ppm corresponding to the resonance of the ethynyl (CCH) and CH2 protons, 
respectively. The signal of proton 5-H emerges as a double doublet (J = 2.6 and 8.8 Hz) at δ 7.24 
ppm. At δ 7.33 ppm appears a doublet that corresponds to the resonance of proton 3-H (J = 2.6 
Hz) and at δ 7.72 ppm appears a doublet corresponding to the resonance of the proton 6-H (J = 
8.8 Hz). The protons of the phenyl group emerge as doublets at δ 7.36 (J = 8.3 Hz) and 7.54 (J = 
8.3 Hz) ppm. The 1H-13C HSQC NMR spectrum permitted the unequivocal assignment of all 
protonated carbons. The 1H-13C HMBC NMR spectrum showed 3J correlation between the doublet 
at δ 7.36  ppm and the carbon CH2 (δ 70.46 ppm), allowing its assignment to the resonance of the 
2',6'-H protons. The 3J correlation between the doublet at δ 7.54  ppm and the CCH carbon (δ 
82.85 ppm), permitted its assignment to the resonance of the 3',5'-H protons. Further interpretation 
of the 1H-13C HMBC NMR spectrum allowed the fully identification of the carbon signals. 
 
Figure 52.  1H NMR spectrum of phthalonitrile 31  in CDCl3. Inset: expansion of the 1H NMR spectrum. 
 
 Phthalocyanine 32 was subsequently prepared by statistical cross-condensation of 
phthalonitrile 31 and 4-tert-butylphthalonitrile in DMAE at 140 ºC, in the presence of zinc(II) acetate 
(Zn(OAc)2). The desired phthalocyanine, obtained in 15% yield, was separated from the 
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symmetrical phthalocyanine, resulting from self-condensation of the 4-tert-butylphthalonitrile, by 
flash chromatography. A minor fraction identified by MALDI mass spectrometry and 1H NMR 
spectroscopy as a phthalocyanine bearing two ethynylbenzyloxy and two tert-butyl substituent 
groups, was also isolated in 3% yield. The 1H NMR spectrum of phthalocyanine 32 in DMSO-d6 
shows a multiplet at δ 1.77-1.79 ppm corresponding to the resonance of the tert-butyl protons and 
a singlet at δ 4.25 ppm corresponding to the resonance of the ethynyl proton (CCH). The multiplet 
at δ 5.69-5.72 ppm is attributed to the resonance of the two CH2 protons, and the multiplets 
between δ 7.65-7.72 and 7.76-7.83 ppm are due to the resonances of Ph-2,6-H and Ph-3,5-H, 
respectively. At δ 8.27-8.36 and 8.66-8.83 ppm appears two multiplets due to the resonance of 
three and one Pc-β protons, respectively, and at δ 9.02-9.39 ppm appears the multiplet attributed 
to the resonance of  the eight Pc-α protons.  
 
Synthesis of the zinc(II) phthalocyanine-β/γ-cyclodextrin dyads (33 and 34) 
 Once the reactants have been prepared, the Huisgen [2+3] cycloaddition reaction was 
applied for the synthesis of phthalocyanine-β/γ-cyclodextrin dyads (Scheme 28). 
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Scheme 28. N3-β/γ-CD (14/16), Cu2SO4.5H2O, sodium ascorbate, DMSO, 50 ºC, 19% (33), 13% (34). 
 
 The Cu(I)-catalysed azide-alkyne cycloadditon, which leads to the β/γ-CD-ZnPc dyads 
(33/34), proceeded at 50 ºC in DMSO with 0.8 equivalents of copper(II) sulfate pentahydrate 
(CuSO4.5H2O), with respect to the cyclodextrin. An excess of phthalocyanine 32 (1.5 equiv) with 
respect to the cyclodextrin was used to convert all the N3-CD in order to avoid purification 
problems. After addition of 1.7 equivalents of freshly prepared solution of sodium ascorbate in 
water, the reaction was stirred for 72 h. Among other solvents or solvent mixtures attempted in 
similar reactions,312 DMSO appeared to be more efficient in terms of yields. The authors assume 
that the more dissociating character of DMSO prevents copper(II) to associate with the cyclodextrin 
secondary face and thus improving their activity towards alkynyl derivatives. After work-up, the 
desired β-CD-ZnPc dyad (33) was obtained as dark blue solid in 19% yield, and γ-CD-ZnPc dyad 
(34) was obtained in 13% yield (dark blue solid). As expected, dyad γ-CD-ZnPc shows higher 
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water-solubility than β-CD-ZnPc. Interestingly, besides the very good solubility of γ-CD-ZnPc in 
high polar solvents, such as DMSO or water, it also shows an excellent solubility in THF.  
 The structures of the new β/γ-CD-ZnPc dyads were confirmed by NMR, UV/Vis and IR 
spectroscopies and mass spectrometry. Molecular ions of β- and γ-CD-ZnPc were observed by 
MALDI mass spectrometry, using DHB and dithranol as matrix, respectively. In both cases, peaks 
corresponding to further fragmentation of the compounds were also observed. The UV-Vis spectra 
of β-CD-ZnPc 33 in DMSO and γ-CD-ZnPc 34 in THF showed typical optical features of non-
aggregated zinc(II) phthalocyanines showing an intense and sharp Q band in the red visible region. 
The Q bands were observed at 680 and 673 nm for β- and γ-CD-ZnPc, respectively, and the Soret 
band was observed at around 350 nm. The 1H NMR spectra of β-CD-ZnPc in DMSO-d6 and γ-CD-
ZnPc in THF-d8 revealed a characteristic peak at around 8 ppm, which was assigned to the triazole 
proton. On the other hand, as generally observed for substituted cyclodextrins, other signals were 
hardly exploitable due to overlaping and broadning. As referred before, this fact suggests a 
modification of the conical structure of the cyclodextrins, leading to non-equivalent glucopyranose 
units. As a consequence, complete signal assignment was therefore difficult. The signals 
corresponding to the resonance of the cyclodextrin protons appear between δ 2 and 6 ppm and 
around δ 7 ppm appear the signals corresponding to the resonances of the aromatic protons. At δ 
8.1-8.6 and 9.1-9.6 ppm, emerge the signals due to the resonance of Pc-β and Pc-α protons, 
respectively. 
 The infrared (FT-IR) spectroscopy was also used to obtain additional information about the 
effectiveness of the connection between the cyclodextrin and the phthalocyanine units. The IR 
spectra were measured using cylindrical pellets of potassium bromide (KBr), and were recorded in 
the 4000-200 cm−1 range with a FT-IR Matsson 7000 spectrophotometer. The success of the 
connection between the cyclodextrin and the phthalocyanine units of β-CD-ZnPc 33 can be easily 
confirmed by the IR spectra shown in Figure 53.  
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Figure 53. IR spectrum of β-CD-ZnPc 33 compared to the ones of the starting Pc 32 and N3-β-CD, and β-CD 
used as reference. 
  
 Comparing the IR spectra of β-CD and N3-β-CD, can be observed that the bands 
corresponding to the azide group (N3) appear at ν 2112 and 2036 cm-1. These bands are not 
present in the IR spectrum of the  β-CD-ZnPc dyad, confirming the association of both units. In the 
same way, comparing the IR spectra of γ-CD and N3-γ-CD, the bands due to the azide group (N3) 
emerge at ν 2105 and 2036 cm-1, and these bands do not occur in the IR spectrum of γ-CD-ZnPc 
dyad 34, as shown in Figure 54. 
 
Figure 54. IR spectrum of γ-CD-ZnPc 34 compared to the ones of the starting Pc 32 and N3-γ-CD, and γ-CD 
used as reference. 
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2.4. Synthesis of the zinc(II) phthalocyanine-[60]fullerene dyad 
 
 In this section will be reported a novel synthetic methodology to achieve the new zinc(II) 
phthalocyanine-fulleropyrrolidine dyad (ZnPc–C60, 38), in which the two moieties are directly 
connected by the nitrogen atom of the pyrrolidine. The synthetic approach (Scheme 29) involves an 
unusual first step: the reductive amination of 2-amino-tri-tert-butylphthalocyaninatozinc(II), leading 
to a phthalocyanine functionalized with an amino acid group (Pc-Gly, 37). A second step involves 
the 1,3-dipolar cycloaddition of [60]fullerene (C60) with the azomethine ylide generated in situ from 
the reaction of Pc-Gly with formaldehyde. 
 
Scheme 29.  i) Na2S.9H2O, DMF, 60-70 ºC, 47%; ii) glyoxylic acid, NaBH3CN, phosphate buffer solution 
(pH~7.4), MeOH, N2, 80-90 ºC; iii) C60, paraformaldehyde, toluene, N2, reflux 48%. 
 
 
 
 Since the first report of a Pc-C60 dyad by Hanack and co-workers in 1997,345 a large 
number of covalently linked Pc-C60 systems have been reported.346 Different spacers between the 
phthalocyanine and [60]fullerene have been prepared with the aim of studying the influence of the 
spacer on the properties of these systems. Nevertheless, the synthesis of a Pc-C60 dyad, in which 
the two moieties are directly connected by the nitrogen atom of the pyrrolidine, will be reported 
here for the first time. 
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Synthesis of [2,9(10),16(17)-tri-tert-butyl-23(24)-(carboxymethylamino)phthalocyaninato]zinc(II) 
(37) 
 Phthalocyanine 35 was synthesised by the zinc(II) chloride-mediated statistical cross-
condensation of a 4:1 molar ratio of 4-tert-butylphthalonitrile and 4-nitrophthalonitrile in DMAE 
under reflux for 16 h. The desired tri-tert-butylnitrophthalocyaninatozinc(II) was obtained as a dark 
blue solid in 10% yield after purification by silica gel flash column chromatography. To obtain the 
amino-tri-tert-butylphthalocyaninatozinc(II) (36), the corresponding nitrophthalocyanine 35 was 
treated with sodium sulfide nonahydrate (Na2S.9H2O), a strong reducing agent, in DMF at 60-70 
ºC. Further portions of Na2S.9H2O were added to the reaction mixture in a period of ca. 4 h, until 
the TLC confirmed the full conversion of the starting material. Phthalocyanine 36, was obtained as 
green solid in 47%, after the work-up of the reaction. The 1H NMR, UV/Vis and MS spectra of 
phthalocyanines 35 and 36 are identical to those already reported.347 
 The UV/Vis absorption spectra of compounds 35 and 36 in chloroform reveal remarkably 
interesting features (Figure 55). These unsymmetrical metallophthalocyanines show the typical 
absorptions in the Soret band region of around 350 nm, however, the Q band absorptions of 
around 700 nm are quite different. The amino-phthalocyaninatozinc(II) 36 shows a Q band 
absorption without splitting, while the corresponding nitro-phthalocyaninatozinc(II) 35 shows a 
splitted Q band absorption. The unusual spectroscopic behaviour of nitro-phthalocyaninatozinc(II) 
35 is attributed to the influence of peripheral donor and acceptor groups. The substitution of the 
phthalocyanine rings with one electron-withdrawing nitro group and three electron-donating tert-
butyl groups, perturbs the excited state energy levels of the molecules, leading to a split of the Q 
band absorption.348 
 
Figure 55. UV-Vis spectra of NO2-PcZn 35 and NH2-PcZn 36 in chloroform. 
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 After reduction of the nitro to an amino group, the phthalocyanine 37 (Pc-Gly), 
functionalized with an amino acid group, was then prepared by reductive amination. 
 The reaction of aldehydes or ketones with ammonia, primary or secondary amines in the 
presence of a reducing agent to give primary, secondary or tertiary amines, respectively, is known 
as reductive amination (of the carbonyl compounds) or reductive alkylation (of the amines). The 
reaction involves the initial formation of the intermediate hydroxyamine which dehydrates to form 
an imine (Scheme 30). Under the reaction conditions, usually weakly acidic to neutral, the imine is 
protonated to form an iminium ion. Subsequent reduction of this iminium ion produces the alkylated 
amine product. The reduction may be performed in protic solvents, such as water or methanol. 
Since the reduction consumes acid, it is necessary either to use a buffered system or to add acid to 
maintain the pH.349 
  
Scheme 30. Mechanism of reductive amination or reductive alkylation. 
 
 The choice of the reducing agent is very critical for the success of the reaction, since the 
reducing agent must reduce imines (or iminium ions) selectively over aldehydes or ketones under 
the reaction conditions. The successful use of sodium cyanoborohydride (NaBH3CN) is due to its 
stability in relatively strong acid solutions, its solubility in hydroxylic solvents such as methanol, and 
its different selectivity at different pH values. At pH 3-4 it reduces aldehydes and ketones 
effectively, but this reduction becomes very slow at higher pH values. At pH 6-8, the more basic 
imines are protonated preferentially and reduced faster than aldehydes or ketones. This selectivity 
allows a convenient direct reductive amination procedure.350 For the reductive amination of some 
aldehydes with primary amines, where dialkylation is a problem, a stepwise procedure involving 
imine formation in methanol followed by reduction with NaBH4 was reported.350 Nevertheless, our 
methodology consisted in a direct reductive amination, in which the carbonyl compound and the 
amine are mixed with the proper reducing agent without prior formation of the intermediate imine or 
iminium salt. 
 The reductive amination reaction was carried out by stirring the phthalocyanine 36 in a 
mixture of methanol and a phosphate buffer solution (pH~7.4), together with glyoxylic acid and 
NaBH3CN, at 80-90 ºC for 19 h under inert atmosphere. The reaction mixture was then slightly 
acidified with diluted HCl (until pH 5-6), and the resulting precipitate was filtered, washed with water 
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and dried under diminished pressure. Unfortunately, attempts for the purification of the crude 
reaction by column chromatography, resulted in the decomposition of the product obtained. 
Therefore, without any further purification, the crude was directly used in the next step reaction. 
The mass spectrum of the crude reaction confirmed the success of the reductive amination 
showing a pattern that corresponds to ions [M]+. and [M+H]+ at m/z 817 and 818, respectively. 
 
Synthesis of [2,9(10),16(17)-Tri-tert-butyl-23(24)-(fullero[c]pyrrolidin-1-yl)phthalocyaninato]zinc(II) 
(38) 
  A versatile methodology that has been widely used for the development of novel 
[60]fullerene derivatives, is the functionalization of [60]fullerene via cycloaddition of azomethine 
ylides to fullerene.351,352 The azomethine ylides are generated in situ by condensation of α-amino 
acids and aldehydes or ketones. In this way, fulleropyrrolidines are obtained with the 5-membered 
ring fused to a 6,6-bond on the fullerene, where the electron density is higher (Scheme 31). This 
class of fullerene derivatives retain the main properties of the parent molecule, such as the ground 
state absorptions, which extend throughout the visible region up to 700 nm, and the excited state 
properties.289 
 
Scheme 31. Cycloaddition of azomethine ylides to fullerene. 
 
 Pc-Gly 37 (crude obtained in the last step reaction) was finally subjected to a 1,3-dipolar 
cycloaddition with [60]fullerene and paraformaldehyde in refluxing toluene. After purification by 
silica gel column chromatography, the desired ZnPc–C60 38 was obtained in 48% yield, when 
considering the amount of [60]fullerene recovered. This new compound was characterised by 
MALDI-TOF mass spectrometry, 1H NMR and UV/Vis spectroscopies. The molecular ion of the 
ZnPc–C60 conjugate was observed by MALDI mass spectrometry, using dithranol as matrix. The 1H 
NMR spectrum of 38 in THF-d8 showed several multiplets (which overlap with solvent) between δ 
1.60 and 1.83 ppm due to the resonance of the protons of the tert-butyl groups. The signals 
corresponding to the resonance of the pyrrolidine ring protons appear as two singlets at δ 5.61 and 
5.64 ppm. At δ 8.12-8.32 and 9.37-9.75 ppm, emerge two multiplets due to the resonances of the 
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four Pc-β-H and eight Pc-α-H, respectively. The UV/Vis spectrum of this dyad 38 in chloroform 
showed typical optical features of zinc(II) phthalocyanines. A slight red-shift of 5 nm was observed 
for the Q band absorption of the dyad (689 nm) comparing to the Q band of the corresponding 
amino-phthalocyanine 36 (684 nm), resulting from the extended π-conjugation.353 
 
2.5. Conclusions 
  
 In conclusion, water-soluble supramolecular systems based on phthalocyanine and 
cyclodextrin macrocycles were synthesised. We have prepared β- and γ-cyclodextrins 
monofunctionalised on the primary hydroxyl face with pyridyl derivatives. These axial ligands 
efficiently provided water solubility to ruthenium(II) phthalocyanine complexes. Supramolecular 
nanoarchitectures based on zinc(II) phthalocyanine linked covalently to β/γ-cyclodextrins were also 
prepared. The dyads were successfully obtained by "click chemistry" strategy. The Cu(I)-catalysed 
azide-alkyne 1,3-dipolar cycloaddition showed to be highly efficient for coupling β/γ-cyclodextrin 
azides to the zinc(II) tri-tert-butyl-(4-ethynylbenzyloxy)phthalocyanine. The preparation of mono-
functionalized cyclodextrins which were described in literature, confronted us with the questionable 
reproducibility of some procedures. The problems encountered covered the poor regio- and 
chemoselectivity of the reactions and the difficulties in purifying the cyclodextrin derivatives 
obtained. Complex purification procedures, involving selective precipitation, reverse-phase and 
size-exclusion chromatographies, often did not lead to the desired purity of the modified 
cyclodextrins. 
 We have also reported for the first time the preparation of a novel ZnPc–C60 dyad, in which 
the two moieties are directly connected by the nitrogen atom of the pyrrolidine. The synthetic 
strategy towards ZnPc–C60 conjugate consisted in the preparation of the precursor glycine-
phthalocyanine (Pc-Gly), followed by the standard cycloaddition of the azomethine ylide generated 
from the Pc-Gly derivative and paraformaldehyde to one of the double bonds of [60]fullerene. 
 Cyclodextrins, besides provide water solubility to the hydrophobic skeleton of the 
phthalocyanines, are capable to form host-guest inclusion complexes with [60]fullerene. 
Furthermore, the formation of noncovalent supramolecular complexes between β- or γ-
cyclodextrins and the ZnPc–C60 dyad is also important, since cyclodextrins can significantly 
influence the aggregation behaviour of the dyad in polar solvents, which in turn affect the properties 
of the complexes. In fact, studies on the complexation properties of the phthalocyanine-
cyclodextrin/[60]fullerene assembles reported in this chapter, by making used of fluorescence 
spectroscopy, are of great interest. 
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2.6. Experimental procedures 
 
2.6.1.  General considerations 
 
 Column chromatography was carried out with silica gel (Merck, 230-400 mesh). 
Preparative thin-layer chromatography was carried out on 20x20 cm glass plates coated with silica 
gel (1 mm thick, Merck). Analytical TLC was carried out on precoated sheets with silica gel or silica 
gel type 60 F254 (0.2 mm thick, Merck).  
 1H and 13C NMR spectra were recorded with a Bruker Avance 300 spectrometer at 300.13 
MHz and with a Bruker DRX 500 spectrometer at 500.13 MHz (stated otherwise). Deuterated 
solvents used are indicated in brackets and tetramethylsilane (TMS) was used as internal 
reference. The chemical shifts (δ) are expressed in ppm and the coupling constants (J) in Hz. 
 FAB and EI mass spectra were recorded with VG AutoSpec Q and M mass spectrometers 
(Waters). MALDI-TOF mass spectra were determined with a Bruker Reflex III spectrometer. The 
matrix used is stated in brackets. 
 The UV/Vis spectra were recorded with a Uvikon spectrophotometer. In brackets is 
expressed the logarithm of the molar absorption coefficient (Lmol-1cm-1). 
 Melting points were measured with a Büchi B-540 apparatus fitted with a microscope and 
are uncorrected. 
 Infra-red (IR) spectra were obtained with KBr pellets using a  FT-IR Matsson 7000 
spectrophotometer. 
 Starting reagents are commercially available and were used without further purification. 
Compounds previously reported in the literature were characterised by comparing their UV/Vis, 1H 
NMR and mass spectra to published data. 
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2.6.2. Synthetic procedures 
 
2.6.2.1. Synthesis of water-soluble supramolecular systems based on 
ruthenium(II) phthalocyanine complexes with cyclodextrin derivatives 
 
Synthesis of the β- and γ-cyclodextrin precursors  
Mono-6-(p-tolylsulfonyl)-β-D-cyclodextrin (13)306  
A mixture of p-toluenesulfonyl chloride (2.60 g, 13.6 mmol, 1.5 equiv) and β-
cyclodextrin (10.5 g, 9.26 mmol) in water (220 mL) was stirred at room 
temperature for 2 h under inert atmosphere. Aqueous NaOH (2.5 M, 40 mL) 
was added and the solution was stirred for 10 minutes before unreacted p-
toluenesulfonyl chloride was filtered off. Ammonium chloride (11.6 g) was added 
to lower the pH to approximately 8. The solution was cooled and the resulting 
white precipitate was collected by filtration and washed with acetone. 
Recrystallisation of this crude product in hot water yields pure TsO-β-CD (22%, 
2.59 g). 1H NMR (300.13 MHz, DMSO-d6): δ 2.43 (s, 3 H, CH3), 3.26-3.42 (m 
overlaps with HOD, CH2), 3.47-3.65 (m, 28 H, 2,3,4,5-H), 4.16-4.22 (m, 1 H, 5I-H), 4.31-4.37 (m, 2 
H, 6I,6II-H), 4.44-4.50 (m, 6 H, CH2-OH), 4.76-4.85 (2 m, 2 and 5 H, 1-H), 5.62-5.82 (m, 14 H, 2, 3-
OH), 7.43 (d, J  8.19 Hz, 2 H, 3',5'-H), 7.75 (d, J 8.19 Hz, 2 H, 2',6'-H) ppm. 
 
Mono-6-azido-6-deoxy-β-D-cyclodextrin (14)309 
TsO-β-CD 13 (5.71 g, 4.43 mmol) was suspended in water (44 mL) at 80 ºC and 
sodium azide (2.83 g, 43.5 mmol, 10 equiv) was added. The mixture was stirred 
at 80 ºC for 6 hours. After being cooled to room temperature, the solution was 
poured into acetone (300 mL). The resulting precipitate was filtered, washed 
with acetone and dried to give the azide product as a white powder in 93% yield 
(4.77 g). 1H NMR (300.13 MHz, DMSO-d6): δ 3.25-3.42 (m overlaps with HOD, 
CH2), 3.54-3.62 (m, 28 H, 2,3,4,5-H), 4.43-4.51 (2 m, 4 and 2 H, CH2-OH), 4.82-4.87 (2 m, 5 and 2 
H, 1-H), 5.61-5.72 (m, 14 H, 2,3-OH) ppm. IR (KBr): ν = 2925, 2112, 2036 (N3), 1643, 1415, 1383, 
1369, 1335, 1301, 1260, 1202, 1157, 1079, 1029, 947, 938, 854, 754, 706, 609 cm-1. 
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Mono-6-(2-naphthylsulfonyl)-γ-D-cyclodextrin (15)311 
γ-Cyclodextrin (0.51 g, 0.39 mmol) was dissolved in pyridine (20 mL) with 
stirring. Then, 2-naphthalenesulfonyl chloride (0.49 g, 2.16 mmol) was added in 
small portions to the γ-CD solution cooled below 5 ºC, and the resulting solution 
was stirred at room temperature for about 6 h. The solution was poured into 
acetone (100 mL) and the fine white precipitate was filtered and washed with 
acetone. Recrystallisation of this crude product in hot water yields the desired 
compound in 74% yield (0.43 g). 1H NMR (300.13 MHz, DMSO-d6): δ 3.31-3.38 
(m overlaps with HOD, CH2), 3.52-3.63 (m, 32 H, 2,3,4,5-H), 4.28-4.47 (m, 7 H, 
CH2-OH), 4.78 (s, 1 H, 1-H), 4.88-4.90 (m, 7 H, 1-H), 5.74 (br s, 16 H, 2,3-OH), 7.69-7.80 (m, 2 H, 
6',7'-H), 7.85 (dd, J 1.6 and 8.6 Hz, 1 H, 4'-H), 8.03 (d, J 7.9 Hz, 1H, 5'-H), 8.11 (d, J 8.9 Hz, 2 H, 
3'-H), 8.17 (d, J 7.9 Hz, 2 H, 8'-H), 8.58 (s, 1 H, 1'-H). MS (MALDI, DHB): m/z calcd for 
C58H86N2O42SNa [M+Na]+: 1509, found: 1509. 
 
Mono-6-azido-6-deoxy-γ-D-cyclodextrin (16)311 
Naphthylsulfonyl-γ-CD 15 (0.20 g, 0.13 mmol) was suspended in water (2.5 mL) 
at 80 ºC, and sodium azide (0.09 g, 1.38 mmol, 11 equiv) was added. The 
reaction mixture was stirred at 80 ºC for 6 hours. After being cooled to room 
temperature, the solution was poured into acetone. The resulting precipitate was 
filtered, washed with acetone and dried to give the azide product as a white 
powder in 93% yield (0.16 g). 1H NMR (300.13 MHz, DMSO-d6): δ 3.32-3.38 (m 
overlaps with HOD, CH2), 3.52-3.63 (m, 32 H, 2, 3,4,5-H), 4.51-4.57 (m, 7 H, CH2-OH), 4.88-4.95 
(m, 8 H, 1-H), 5.75 (br s, 16 H, 2,3-OH) ppm. MS (MALDI, DHB): m/z calcd for C48H79N3O39Na 
[M+Na]+: 1344, found: 1344.4 [M+Na]+ and 1358 [M+K]+. IR (KBr): ν = 2930, 2105, 2036 (N3), 
1640, 1414, 1383, 1369, 1336, 1302, 1240, 1202, 1158, 1079, 1027, 1001, 943, 857, 759, 707, 
647, 609 
cm-1. 
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Synthesis of the β- and γ-cyclodextrin pyridyl derivatives 
Mono-6-deoxy-6-[4-(4-pyridyl)-1,2,3-triazol-1-yl)]-β-D-cyclodextrin (17) 
N3-β-CD 14 (0.48 g, 0.41 mmol) and copper(II) sulfate pentahydrate (0.09 g, 
0.36 mmol, 0.9 equiv) was added to a solution of triethylamine (0.18 mL) and 4-
ethynylpyridine hydrochloride (0.186 g, 1.33 mmol, 3 equiv) in DMSO (4 mL). 
After subsequent dropwise addition of a freshly prepared solution of sodium 
ascorbate (0.15 g, 0.76 mmol, 1.6 equiv) dissolved in water (1 mL), the solution 
was stirred for about 72 h at 50 ºC. The reaction mixture was filtrated to remove 
impurities, the filtrate was then poured into acetone and the precipitate was 
collected by filtration and washed with acetone. The desired compound was 
obtained as a yellowish powder in 75% yield (0.39 g). M.p. 278-281 ºC degraded. 1H NMR (300.13 
MHz, DMSO-d6): δ 2.82 (br s, 2 H, 6-H of one of the II-VII units), 3.21-3.47 (m overlaps with HOD, 
CH2), 3.51-3.74 (m, 22 H, 2,3,4,5-H), 4.10 (t, J 8.6 Hz, 1 H, 5I-H), 4.19-4.26 (m, 1 H, OH), 4.41-
4.58 (m, 5 H, OH), 4.61-4.66 (m, 1 H, 6I-H), 4.75-4.87 (m, 6 H, 1-H II-VII), 5.00 (d, J 13.6 Hz 1 H, 6'I-
H), 5.06 (d, J 3.2 Hz, 1 H, 1I-H), 5.61-5.84 (m, 13 H, OH), 5.93 (d, J 6.6 Hz, 1 H, OH), 8.80 (s, 1 H, 
triazole-H) ppm. MS (MALDI, DHB+NaI): m/z calcd for C49H74N4O34Na [M+Na]+: 1285, found: 1285. 
 
Mono-6-deoxy-6-[4-(4-pyridyl)-1,2,3-triazol-1-yl)]-γ-D-cyclodextrin (18) 
N3-γ-CD 16 (0.11 g, 0.83x10-1 mmol) and copper(II) sulfate pentahydrate (0.02 
g, 0.80x10-1 mmol, 0.9 equiv) was added to a solution of triethylamine (0.03 mL) 
and 4-ethynylpyridine hydrochloride (0.04 g, 0.29 mmol, 3 equiv) in DMSO (2 
mL). After subsequent dropwise addition of a freshly prepared solution of 
sodium ascorbate (0.03 g, 0.15 mmol, 1.8 equiv) dissolved in water (0.5 mL), 
the solution was stirred for about 72 h at 50 ºC. The reaction mixture was 
filtrated to remove impurities, the filtrate was then poured into acetone and the 
precipitate was collected by filtration and washed with acetone. The desired 
compound was obtained as a yellowish powder in 78% yield (91.8 mg). M.p. 283-286 ºC degraded. 
1H NMR (300.13 MHz, DMSO-d6): δ 3.32 (br s overlaps with HOD, CH2), 3.52-3.63 (m, 32 H, 2, 
3,4,5-H), 4.02 (br s, 1 H, 5I-H), 4.31 (br s, 1 H, 6I-H), 4.51 (s, 7 H, CH2-OH), 4.88 (s, 8 H, 1-H), 5.10 
(m, 1 H, 6'I-H), 5.72-5.75 (m, 16 H, 2,3-OH), 8.80 (br s, 1 H, triazole-H) ppm. MS (MALDI, ACC): 
m/z calcd for C55H84N4O39Na [M+Na]+: 1447, found: 1447 [M+Na]+ and 1486 [M+Na+K] +. 
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Mono-6-deoxy-6-(4-pyridylamino)-β-D-cyclodextrin (19) 
TsO-β-CD 13 (0.50 g, 0.39 mmol) and 4-
aminopyridine (0.55 g, 5.84 mmol, 15 equiv) were 
stirred in DMF (6 mL) at 90 ºC, under inert 
atmosphere for 6 h. The reaction mixture was cooled 
to room temperature and poured into acetone. The 
precipitate was collected by filtration and washed with 
acetone. The solid was dissolved in a minimum of 
warm water and kept overnight at 5 ºC. The product was recrystallized again from water and the 
desired compound 19 was obtained as a yellowish powder in 58% yield (274 mg). M.p. 268-271 ºC 
degraded. TAUTOMER: 1H NMR (300.13 MHz, DMSO-d6): δ 2.79-2.86 (m, 1 H, 6-H of one of the 
II-VII units), 2.96-3.03 (m, 1 H, 6'-H of one of the II-VII units), 3.19-3.45 (m overlaps with HOD, 
CH2), 3.55-3.67 (m, 23 H, 2,3,4,5-H), 3.82-3.85 (m, 3 H, H), 3.98 (t, J 10.5 Hz, 1 H, 5I-H), 4.12-4.20 
(m, 1 H, H), 4.34 (t, J 6.0 Hz, 1 H, OH), 4.51-4.58 (m, 4 H, OH), 4.76-4.86 (m , 8 H, 6I-H and 1-H II-
VII), 4.96 (d, J 3.4 Hz, 1 H, NH), 5.59-5.85 (m, 14 H, OH), 6.02 (d, J 5.8 Hz, 1 H, OH), 6.76 ( d, J 7.1 
Hz, 2 H, 3',5'-H), 7.11 ( d, J 8.0 Hz, 2 H, 2'',6''-H), 7.47 ( d, J 8.0 Hz, 2 H, 3'',5''-H), 8.04 (s, 1 H, 4''-
NH), 8.09 ( d, J 7.1 Hz, 2 H, 2',6'-H) ppm. MS (MALDI, DHB+NaI): m/z calcd for C47H75N2O34 
[M+H]+: 1211, found: 1211. 
 
Mono-6-deoxy-6-(4-pyridylmethylamino)-β-D-cyclodextrin (20)354  
TsO-β-CD 13 (0.50 g, 0.39 mmol) and 4-(aminomethyl)pyridine (0.6 mL, 5.93 
mmol, 15 equiv) were stirred in DMF (6 mL) under inert atmosphere at 90 ºC for 
6 h. The reaction mixture was cooled to room temperature and poured into 
acetone. The products precipitated from the solution were collected by filtration 
and washed with acetone. The solid was dissolved in a minimum of warm water 
and kept overnight at 5 ºC. The product was recrystallized again from water and 
the desired compound 20 was obtained as a yellow powder in 68% yield (326 
mg). M.p. 277-279 ºC degraded. 1H NMR (300.13 MHz, DMSO-d6): δ 1.95 (br s 
overlaps with acetone, 1 H, NH), 2.82-2.93 (m, 2 H, 6-H of one of the II-VII units), 3.33-3.49 (m 
overlaps with HOD, CH2), 3.58-3.73 (m, 30 H, 2,3,4,5-H and CH2-Py), 4.43-4.55 (m, 6 H, CH2-OH), 
4.78-4.84 (m, 7 H, 1-H), 5.69-5.80 (m, 13 H, 2,3-OH), 5.87 (d, J 6.2 Hz, 1 H, OH), 7.33 ( d, J 5.1 
Hz, 2 H, 3',5'-H), 8.45 ( d, J 5.1 Hz, 2 H, 2',6'-H) ppm. MS (MALDI, ACC): m/z calcd for 
C48H76N2O34Na [M+Na]+: 1247, found: 1247. 
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Mono-6-deoxy-6-(4-pyridylmethylamino)-γ-D-cyclodextrin (21)  
Naphthylsulfonyl-γ-CD 15 (0.15 g, 0.10 mmol) and 4-(aminomethyl)pyridine (0.2 
mL, 1.98 mmol, 20 equiv) were stirred in DMF (6 mL) at 90 ºC under inert 
atmosphere for 6 h. The reaction was cooled to room temperature and poured 
into acetone. The products precipitated from the solution. The precipitates were 
collected by filtration and washed with acetone. The solid was dissolved in a 
minimum of warm water and kept overnight at 5 ºC. The product was 
recrystallized again from water and the desired compound 21 was obtained as a 
yellow powder in 67% yield (93.5 mg). M.p. 259-261 ºC degraded. 1H NMR 
(300.13 MHz, DMSO-d6): δ 1.90 (br s, 1 H, NH), 3.33-3.38 (m overlaps with HOD, CH2), 3.52-3.63 
(m, 34 H, 2,3,4,5-H and CH2-Py), 4.51-4.64 (m, 7 H, CH2-OH), 4.88-4.89 (m, 8 H, 1-H), 5.70-5.94 
(m, 16 H, 2,3-OH), 7.34 ( d, J 5.5 Hz, 2 H, 3',5'-H), 8.46 ( d, J 5.5 Hz, 2 H, 2',6'-H) ppm. MS 
(MALDI, DHB): m/z calcd for C54H87N2O39 [M+H]+: 1387, found: 1387. 
 
Synthesis of the ruthenium(II) phthalocyanine 
2,9(10),16(17),23(24)-Tetra-tert-butylphthalocyanine (22)330 
A mixture of 4-tert-butylphthalonitrile (508 mg, 2.76 mmol) and 
lithium (78.4 mg, 11.3 mmol, 4 equiv) in pentan-1-ol (2 mL) was 
heated at 140 ºC overnight under inert atmosphere. After being 
cooled to room temperature, the reaction mixture was precipitated 
with 3:1 MeOH-water, the solid was filtered, washed with water and 
MeOH and dried under reduced pressure. The desired compound 
was purified by column chromatography (silica gel) using a 1:1 
mixture of hexane/toluene as the eluent.  After being washed with 
MeOH, the compound 22 was obtained in 39% yield (197 mg) as a blue solid. UV/Vis (CHCl3): λmax 
(log ε) = 341 (4.9), 603 (4.5), 645 (4.8), 664 (5.2), 701 (5.2) nm. 1H NMR (300.13 MHz, CDCl3): δ -
3.02 and -2.96 (2 s, 2 H, NH), 1.88, 1.89, 1.92, 1.94 [4 s, 36 H, C(CH3)3], 8.00-8.15 (m, 4 H, Pc-β-
H), 8.54-9.10 (several m, 8 H, Pc-α-H) ppm. 
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[Bis(benzonitrile)-2,9(10),16(17),23(24)-tetra-tert-butylphthalocyaninato]ruthenium(II) (23)328 
A mixture of tBu4PcH2 22 (148 mg, 0.20 mmol) and triruthenium 
dodecacarbonyl (Ru3(CO)12, 257 mg, 0.40 mmol, 2 equiv) was 
refluxed in benzonitrile (5 mL) overnight under inert atmosphere. 
The excess of benzonitrile was removed under diminished 
pressure and then the reaction mixture was precipitated with 3:1 
MeOH-water. The solid was filtered, washed with water and 
MeOH and dried under diminished pressure. The crude was 
purified by column chromatography (silica gel) with a 2:1 mixture 
of hexane/CH2Cl2 as the eluent. The desired compound was obtained in 51% yield (107 mg) as a 
dark blue solid, after being washed with MeOH. UV/Vis (CHCl3): λmax (log ε) = 316 (5.0), 377 (4.2), 
587 (4.4), 651 (4.8) nm. UV/Vis (DMSO): λmax (log ε) = 316 (4.9), 376 (4.2), 585 (4.4), 648 (4.8) 
nm. 1H NMR (300.13 MHz, CDCl3): δ 1.76 [s, 36 H, C(CH3)3], 5.52 (d, J 7.3 Hz, 4 H, Ph-o-H), 6.50 
(t, J 7.3 Hz, 4 H, Ph-m-H), 6.81-6.86 (t, J 7.3 Hz, 2 H, Ph-p-H), 8.01-8.04 (m, 4 H, Pc-β-H), 9.18-
9.33 (m, 8 H, Pc-α-H) ppm. 
 
Synthesis of the ruthenium(II) phthalocyanine-β/γ-cyclodextrin triads 
General procedure for the synthesis of the triads 24-27: 
To a solution of (PhCN)2RuPc 23 (1 equiv) in 
THF (1 mL) was added the cyclodextrin 
derivative (2 equiv) dissolved in 1.5:1 mixture of 
THF-water. The solution was stirred at 60 ºC for 
about 24h, until the TLC confirmed no further 
conversion of the starting (PhCN)2RuPc. After 
being cooled to room temperature, the THF was 
removed under diminished pressure and the 
reaction mixture was poured into acetone. The 
products precipitated from the solution were 
collected by filtration and washed with acetone. 
The solid was washed with a 10% mixture of 
water in MeOH or THF.  
 
Triad (β-CD-triazolePy)2RuPc (24) 
 According to the general procedure, (PhCN)2RuPc 23 (16.9 mg, 16.2 µmol) was stirred 
with  β-CD-triazolePy 17 (38.6 mg, 30.6 µmol, 2 equiv) in THF-water (2.5:1 mL) to give the desired 
product 24 in 19% yield (10.5 mg) as a turquoise solid, after being washed with a 10% mixture of 
N
NN
NN
N
N
NRu
tBu
tBu
tBu
C
N
C
N α β
tBu
23
N
NN
NN
N
N
NRu
tBu
tBu
tBu
tBu
N
N
β/γ-CD
β/γ-CD
Linker
Linker
Linker
N
NN
H
N CH2
=
24-27
Chapter 2. Synthesis of phthalocyanine-cyclodextrin/fullerene assembles 
 
129 
 
water in MeOH.  M.p. > 300 ºC. UV/Vis (DMSO): λmax (log ε) = 316 (4.9), 366 (4.3), 573 (4.3), 631 
(4.6) nm. 1H NMR (300.13 MHz, DMSO-d6): δ  1.70 [br s, C(CH3)3], 2.78 (br s, 6-H of one of the II-
VII units), 3.34 (br s overlaps with HOD, CH2), 3.53-3.66 (m, H), 4.08-4.14 (m, 5I-H), 4.26 (br s, 
OH), 4.44-4.60 (m, OH), 4.74-4.86 (m, 1-H II-VII), 4.99-5.48 (m, 6I-H), 5.07 (br s, 1I-H), 5.64-5.98 (m, 
OH), 7.76-7.85 (m, Pc-β-H), 8.51-8.71 (m, Pc-α-H), 8.80 (s, triazole-H), 8.99-9.11 (m, Pc-α-H) ppm. 
MS (MALDI, DHB): m/z calcd for C146H197N16O68Ru [M+H]+: 3358, found: 3358. 
 
Triad (γ-CD-triazolePy)2RuPc (25) 
 According to the general procedure, (PhCN)2RuPc 23 (15.4 mg, 14.7 µmol) was stirred 
with  γ-CD-triazolePy 18 (41.1 mg, 28.8 µmol, 2 equiv) in THF-water (2.5:1 mL) to give the desired 
product 25 in 13% yield (6.80 mg) as a turquoise solid, after being washed with a 10% mixture of 
water in MeOH. M.p. > 300 ºC. UV/Vis (DMSO): λmax (log ε) = 316 (4.8), 365 (4.4), 574 (4.2), 630 
(4.5) nm. 1H NMR (300.13 MHz, DMSO-d6): δ 1.69 [br s, C(CH3)3], 2.97 (br s, 6-H of one of the II-
VII units), 3.31-3.38 (m overlaps with HOD, CH2), 3.52-3.63 (m, H), 4.02-4.05 (m, 5I-H), 4.31 (br s, 
6'I-H), 4.51 (br s, OH), 4.88 (br s, 1-H), 5.10 (br s, 6I-H), 5.72-5.75 (m, OH), 7.83-7.80 (m, Pc-β-H), 
8.80 (s, triazole-H), 8.91-9.11 (m, Pc-α-H) ppm. MS (MALDI, ACC): m/z calcd for (γ-
CDtriazolePy)1RuPc, C103H132N12O39Ru [M]+.: 2256, found: 2256. 
 
Triad (β-CD-Py)2RuPc (26) 
 According to the general procedure, (PhCN)2RuPc 23 (15.8 mg, 15.1 µmol) was stirred 
with  β-CD-Py 20 (36.0 mg, 29.4 µmol, 2 equiv) in THF-water (2.5:1 mL) to give the desired product 
26 in 13% yield (6.50 mg) as a blue solid, after being washed with a 10% mixture of water in THF. 
M.p. 296-299 ºC degraded. UV/Vis (DMSO): λmax (log ε) = 317 (4.7), 373 (4.2), 574 (4.0), 629 (4.4) 
nm. 1H NMR (300.13 MHz, DMSO-d6): δ 1.70-1.71 [m, C(CH3)3], 3.00-3.07 (m, 6-H of one of the II-
VIII units), 3.32 (br s overlaps with HOD, CH2), 3.43-3.95 (m, 2,3,4,5-H and CH2-Py), 4.03 (m, 5I-
H), 4.10-4.11 (m, OH), 4.36-4.53 (m, OH), 4.60-4.63 (m, Py-H), 4.72-4.84 (m, 1-H), 5.32 (s, Py-H), 
5.41-5.86 (m, OH), 8.00-8.02 (m, Pc-β-H), 8.92-9.04 (m, Pc-α-H) ppm. MS (MALDI, ACC): m/z 
calcd for C144H201N12O68Ru [M+H]+: 3283, found: 3283. 
 
Triad (γ-CD-Py)2RuPc (27) 
 According to the general procedure, (PhCN)2RuPc 23 (16.2 mg, 15.5 µmol) was stirred 
with  γ-CD-Py 21 (40.1 mg, 28.9 µmol, 2 equiv) in THF-water (2.5:1 mL) to give the desired product 
27 in 12% yield (6.50 mg) as a blue solid, after being washed with a 10% mixture of water in THF. 
M.p. 268-271 ºC degraded. UV/Vis (DMSO): λmax (log ε) = 317 (4.8), 372 (4.3), 574 (4.2), 629 (4.6) 
nm. 1H NMR (300.13 MHz, DMSO-d6): δ 1.66-1.70 [m, C(CH3)3], 2.85-2.91 (m, 6-H of one of the II-
VIII units), 3.35-3.38 (m overlaps with HOD, Py-CH2 and CH2), 3.52-3.63 (m, 2,3,4,5-H and CH2-
Chapter 2. Synthesis of phthalocyanine-cyclodextrin/fullerene assembles 
 
130 
 
Py), 4.49-4.52 (m, OH), 4.88-4.89 (m, 1-H), 5.72-5.91 (m, OH), 7.99-8.01 (m, Pc-β-H), 8.92-9.03 
(m, Pc-α-H) ppm. MS (MALDI, ACC): m/z calcd for (γ-CDPy)1RuPc, C102H134N10O39Ru [M]+.: 2224, 
found: 2224. 
 
2.6.2.2. Synthesis of zinc(II) phthalocyanine-cyclodextrin dyads 
 
4-Bromomethylphthalonitrile (28) 
A mixture of 4-methylphthalonitrile (6.20 g, 43.6 mmol), N-bromosuccinimide 
(NBS, 23.3 mg, 131 mmol, 3 equiv) and AIBN (0.30 g, 1.83 mmol. 0.04 equiv) in 
350 mL of CCl4 were refluxed under inert atmosphere for 24 h. The succinimide 
was filtered off and washed with CCl4. The solvent was removed under 
diminished pressure and the resulting orange oil was refluxed again in CCl4 with 
NBS (23.3 mg, 131 mmol, 3 equiv) and AIBN (0.30 g, 1.83 mmol. 0.04 equiv) under inert 
atmosphere for more 24h. This process was repeated until the TLC confirmed the full conversion of 
the starting material. The 1H NMR of the resulting yellowish-orange oil (11.7 g), confirmed the 
presence of a mixture of mono-, di- and tribromo products. To the resulting mixture dissolved in 
THF (100 mL) were added diethyl phosphite (3.00 g, 21.7 mmol) and DIPEA 
(diisopropylethylamine, 2.82 g, 21.8 mmol) at 0 ºC with stirring. The mixture was gradually warmed 
to room temperature and stirred for 22 h. Then diethyl phosphite (1.61 g, 12.5 mmol) and DIPEA 
(1.61 g, 12.5 mmol) were added and the mixture was stirred at room temperature for more 24 h. 
The solvent was removed under diminished pressure and the solid was taken in CH2Cl2, washed 
with 0.1 M HCl (3 x 50 mL) and the organic layer was dried (Na2SO4) and concentrated. By 1H 
NMR spectrum of the resulting brownish oil, the desired phthalonitrile 28 was identified as the 
major product; 4-methylphthalonitrile was also identified as the minor contamination. The crude 
obtained was directly used in the next step reaction without any further purification. 1H NMR 
(300.13 MHz, CDCl3): δ 4.62 (s, 2 H, CH2), 7.75 (dd, J 1.6 and 8.1 Hz, 1 H, 5-H), 7.80 (d, J 8.1 Hz, 
1 H, 6-H), 7.84 (d, J 1.6 Hz, 1 H, 3-H) ppm. 
 
4-Hydroxymethylphthalonitrile (29) 
4-Bromomethylphthalonitrile 28 (6.20 g, 28.0 mmol) was suspended in water-
ethanol (185:30 mL) and AgNO3 (6.86 g, 40.4 mmol, 1.4 equiv) was added. 
The mixture was stirred under inert atmosphere at 100 ºC for 4 days. After 
being cooled to room temperature, the silver solid was filtered off and the 
solvent of the filtrated was removed under diminished pressure. The resulting 
yellowish solid was extracted with a Soxhlet (CH2Cl2) for 24 h. The product was purified by silica 
gel column chromatography using a gradient of CH2Cl2/ethyl acetate as the eluent. The desired 
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phthalonitrile 29 was obtained in 41% yield (1.8 g) as a white powder. 1H NMR (300.13 MHz, 
CDCl3): δ 2.53 (br s, 1 H, OH), 4.84 (s , 2 H, CH2), 7.70-780 (m, 2 H, Ar-H), 7.85 (s, 1 H, Ar-H) 
ppm. 13C NMR (75.47 MHz, CDCl3): δ 63.1 (CH2), 114.7 (1-C, 2-C), 116.5 (CN), 116.7 (CN), 133.0 
(3-C, 5-C), 134.8 (6-C), 150.3 (4-C) ppm. MS (EI): m/z = 158 [M]+., 141 [M-OH]+. 
 
[2,9(10),16(17)-Tri-tert-butyl-23(24)-hydroxymethylphthalocyaninato]zinc(II) (30)344 
A mixture of 4-hydroxymethylphthalonitrile 29 (0.62 g, 3.92 mmol), 
4-tert-butylphthalonitrile (2.89 mg, 15.7 mmol, 4 equiv) and 
Zn(OAc)2 (0.86 mg, 4.70 mmol, 1.2 equiv) was stirred in DMAE 
(10 mL) and refluxed overnight under inert atmosphere. After 
being cooled to room temperature, the reaction mixture was 
precipitated with 1:3 MeOH-water, the solid was filtered, washed 
with water and MeOH and dried under diminished pressure. The 
desired compound 30, obtained in 36% yield (274 mg, blue solid), 
was separated from the symmetrical phthalocyanine (tBu4ZnPc) by flash chromatography (silica gel 
flash) using a 2:1 mixture of hexane/dioxane as the eluent. The solvents were removed under 
diminished pressure and the residue was washed with MeOH. 1H NMR (300.13 MHz, DMSO-d6): δ 
1.22-1.59 [2 m, 27 H, C(CH3)3], 5.14-5.19 (m, 2 H, CH2), 5.78-5.81 (m, 1 H, OH), 8.17-8.37 (m, 4 H, 
Pc-β-H), 9.24-9.42 (m, 8 H, Pc-α-H) ppm. MS (MALDI, Dithranol): m/z calcd for C45H42N8OZn [M]+.: 
774, found: 774 [M]+. and 775 [M+H]+. 
 
4-(4-Ethynylbenzyloxy)phthalonitrile (31) 
4-Nitrophthalonitrile (1.0 g, 5.78 mmol), potassium carbonate 
(0.95 g, 6.87 mmol, 1.2 equiv) and 4-
(trimethylsilylethynyl)benzyl alcohol (1.38 g,  6.75 mmol, 1.2 
equiv) were stirred in DMF (50 mL) at 40 ºC under inert 
atmosphere. Further portions of potassium carbonate were 
added to the reaction mixture in a period of 4 days, until the TLC confirmed the full conversion of 
the starting material to the desired compound. The reaction mixture was cooled to room 
temperature, poured into ice and the resulting precipitate was filtered and washed with water. The 
product was purified by silica gel column chromatography using a  2:1 mixture of hexane/ethyl 
acetate as the eluent. The desired phthalonitrile 31 was obtained in 51% yield (0.76 mg) as a white 
powder. M.p. 167-169 ºC. 1H NMR (300.13 MHz, CDCl3): δ 3.13 (1 s, 1 H, CCH), 5.16 (1 s, 2 H, 
CH2), 7.24 (dd, J 2.6 and 8.8 Hz, 1 H, 5-H), 7.33 (d, J 2.6 Hz, 1 H, 3-H), 7.36 (d, J 8.3 Hz, 2 H, 
2',6'-H), 7.54 (d, J 8.3 Hz, 2 H, 3',5'-H), 7.72 (d, J 8.8 Hz, 1 H, 6-H) ppm. 13C NMR (75.47 MHz, 
CDCl3): δ 70.46 (CH2), 78.15 (CH), 82.85 (CCH), 107.80 (1-C), 115.12 (2-CN), 115.51 (2-C), 
117.54 (1-CN), 119.64 (5-C), 119.92 (3-C), 122.73 (4’-C), 127.29 (2’ and 6’-C), 132.65 (3’ and 5’-
3'2'
6' 5'
NC
NC
6
5
3
OCH2 C CH
31
N
NN
N
N
NN N
ZntBu
tBu
tBu
α β
OH
30
Chapter 2. Synthesis of phthalocyanine-cyclodextrin/fullerene assembles 
 
132 
 
C), 135.06 (1’-C), 135.27 (6-C), 161.43 (4-C) ppm. HRMS (ESI-TOF): m/z calcd for C45H42N8OZn 
[M+H]+: 259.08, found: mixture of 259.0873 [M+H]+ and 281.0691 [M+Na]+. 
[2,9(10),16(17)-Tri-tert-butyl-23(24)-(4-ethynylbenzyloxy)phthalocyaninato]zinc(II) (32) 
A mixture of phthalonitrile 31 (52.0 mg, 0.20 mmol), 
4-tert-butylphthalonitrile (159 mg, 0.92 mmol, 5 
equiv), and Zn(OAc)2 (80.6 mg, 0.44 mmol, 2 equiv) 
was stirred in DMAE (2.0 mL) and refluxed (140 ºC) 
overnight under inert atmosphere. After being 
cooled to room temperature, the reaction mixture 
was precipitated with 1:3 MeOH-water, the solid 
was filtered, washed with water and MeOH and 
dried under diminished pressure. The desired compound 32, obtained in 15% yield (26.2 mg, blue 
solid), was separated from the symmetrical phthalocyanine (tBu4ZnPc) by flash chromatography 
(silica gel flash) using a 5:1 mixture of hexane/THF as the eluent. A minor fraction identified by MS 
(MALDI) and 1H NMR as a phthalocyanine bearing two ethynylbenzyloxy and two tert-butyl 
substituent groups (ZnPc(ethynylbenzyloxy)2) was also isolated in 3% yield (2.7 mg). The solvents 
were removed under diminished pressure and the residue was washed with MeOH. M.p. > 300 ºC. 
UV/Vis (CHCl3): λmax (log ε) = 343 (4.8), 613 (4.5), 680 (5.2) nm. 1H NMR (300.13 MHz, DMSO-d6): 
δ 1.77-1.79 [m, 27 H, C(CH3)3], 4.25 (s, 1 H, CCH), 5.69-5.72 (m, 2 H, OCH2), 7.65-7.72 (m, 2 H, 
Ph-2,6-H), 7.76-7.83 (m, 2 H, Ph-3,5-H), 8.27-8.36 (m, 3 H, Pc-β-H), 8.66-8.83 (m, 1 H, Pc-β-H), 
9.02-9.39 (m, 8 H, Pc-α-H) ppm. HRMS (MALDI-TOF, Dithranol): m/z calcd for C53H46N8OZn: 
874.3081 [M]+., found: 874.3076 [M]+. and 875.3158 [M+H]+. 
 
ZnPc(ethynylbenzyloxy)2 
M.p. > 300ºC. 1H NMR (300.13 MHz, DMSO-d6): δ 1.76-1.78 [m, 18 H, C(CH3)3], 4.24 (s, 2 H, 
CCH), 5.73 (m, 4H, OCH2), 7.65-7.68 (m, 4 H, Ph-2',6'-H), 7.79-7.87 (m, 4 H, Ph-3',5'-H), 8.34-8.36 
(m, 2 H, Pc-β-H), 8.82-8.96 (m, 2 H, Pc-β-H), 8.99-9.46 (m, 8H, Pc-α-H) ppm. MS (MALDI, 
Dithranol): m/z calcd for C58H44N8O2Zn: 948 [M]+., found: 948 [M]+. and 949 [M+H]+. 
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General procedure for the synthesis of cyclodextrin-phthalocyanine dyads 33/34: 
Mono-6-azido-CD (1 equiv) and 
copper(II) sulfate pentahydrate (0.8 
equiv) was added to a solution of 
ethynylPc 32 (1.5 equiv) in DMSO 
(1.2 mL). After subsequent 
dropwise addition of a freshly 
prepared solution of sodium 
ascorbate (1.7 equiv) dissolved in 
water (0.6 mL), the solution was stirred for 72 h at 50 ºC. The reaction mixture was cooled to room 
temperature, poured into acetone and the precipitate was collected by filtration and washed with 
acetone and MeOH. 
Dyad β-CD-ZnPc (33) 
 According to the general procedure, a solution of phthalocyanine 32 (52.0 mg, 59.3 µmol, 
1.5 equiv) and mono-6-azido-β-CD (47.2 mg, 40.7 µmol) in DMSO (1.2 mL) was treated with 
copper(II) sulfate pentahydrate (9.2 mg, 36.8 µmol, 0.9 equiv) sodium ascorbate (17.0 mg, 85.8 
µmol, 2 equiv) to give the desired product 33 in 19% yield (15.4 mg) as a dark blue solid. M.p. > 
300ºC. UV/Vis (DMSO): λmax (log ε) = 356 (4.8), 613 (4.5), 680 (5.1) nm. 1H NMR (300.13 MHz, 
DMSO-d6): δ 1.77 [s, C(CH3)3], 3.47 (br s overlaps with HOD, CH2), 4.50-4.55 (m, 2,3,4,5-H), 4.82 
(s, OH), 5.62-5.73 (m, 1-H and OCH2), 7.38-7.86 (several m, Ar-H), 8.00 (br s, triazole-H), 8.31-
8.59 (m, Pc-β-H), 9.31-9.42 (m, Pc-α-H) ppm. MS (MALDI, DHB): m/z = calcd for C95H115N11O35Zn: 
2033 [M]+., found: 2033. IR (KBr): ν = 2957, 2913, 2867 (CH), 1611 (C=N), 1487, 1393, 1384, 
1364, 1330, 1283, 1256, 1223, 1145, 1127, 1090, 1047, 922, 895, 829, 762, 747, 712, 692, 673, 
600 cm-1. 
Dyad γ-CD-ZnPc (34) 
 According to the general procedure, a solution of phthalocyanine 32 (52.3 mg, 59.7 µmol) 
and mono-6-azido-γ-CD (52.6 mg, 39.8 µmol) in DMSO (1.2 mL) was treated with copper(II) sulfate 
pentahydrate (8.10 mg, 32.4 µmol, 0.8 equiv) sodium ascorbate (14.4 mg, 72.7 µmol, 2 equiv) to 
give the desired product 34 in 13% yield (11.4 mg) as a dark blue solid. M.p. > 300ºC. UV/Vis 
(THF): λmax (log ε) = 344 (4.9), 613 (4.6), 648 (4.7), 673 (5.2) nm. 1H NMR (300.13 MHz, THF-d8 + 
Py-d5): δ 1.31-1.85 [m overlaps with solvent, C(CH3)3], 1.94-543 (several m, CD-H), 5.69 (m, 
OCH2), 7.67-7.87 (several m overlaps with solvent, Ar-H), 8.02 (br s, triazole-H),8.14-8.34 (m, Pc-
β-H), 9.15-9.63 (m, Pc-α-H) ppm. MS (MALDI, Dithranol): m/z = calcd for C101H125N11O40Zn: 2195 
[M]+., found: 2195. IR (KBr): ν = 2960, 2925, 2909, 2865 (CH), 1639, 1613 (C=N), 1488, 1393, 
1484, 1364, 1330, 1320, 1282, 1260, 1222, 1200, 1151, 1089, 1046, 1026, 921, 804, 747, 691, 
673, 618 cm-1. 
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2.6.2.3. Synthesis of zinc(II) phthalocyanine-[60]fullerene dyad 
 
[2,9(10),16(17)-Tri-tert-butyl-23(24)-nitrophthalocyaninato]zinc(II) (35)347 
A mixture of 4-tert-butylphthalonitrile (1.0 g, 5.43 mmol, 4 equiv) 
and 4-nitrophthalonitrile (240 mg, 1.39 mmol) was refluxed in 
DMAE (4.0 mL) under inert atmosphere overnight in the presence 
of ZnCl2 (384 mg, 2.82 mmol, 2 equiv). After being cooled to room 
temperature, the reaction mixture was precipitated with a 3:1 
mixture of MeOH-water, the solid was filtered, washed with water 
and MeOH and dried under diminished pressure. The desired tri-
tert-butylnitrophthalocyaninatozinc(II) was isolated by column 
chromatography (silica gel flash) using a 4:1 mixture of hexane/dioxane as the eluent. The desired 
compound was obtained as a dark blue solid (113 mg, 10% yield) after being washed with MeOH. 
UV/Vis (CHCl3): λmax (log ε) = 354 (4.9), 645 (4.7), 668 (5.1), 706 (5.1) nm. MS (MALDI, Dithranol): 
m/z = calcd for C44H39N9O2Zn: 789.3 [M]+., found: 789.1. 
 
[2-Amino-9(10),16(17),23(24)-tri-tert-butylphthalocyaninato]zinc(II) (36)347 
To a solution of tri-tert-butylnitrophthalocyaninatozinc(II) 35 (132 
mg, 167 µmol) in DMF (14 mL) was added Na2S.9H2O (158 mg, 
658 µmol, 4 equiv). The mixture was stirred at 60-70 ºC and further 
portions of Na2S.9H2O were added to the reaction mixture in a 
period of ca. 4 h, until the TLC confirmed the full conversion of the 
starting material to the desired compound.  After being cooled to 
room temperature, the reaction mixture was centrifuged and 
washed with water several times, and the solid was taken in THF. 
The desired amino-tri-tert-butylphthalocyaninatozinc(II) 36 purified by silica gel column 
chromatography using a 4:1 mixture of hexane/dioxane as the eluent. It was obtained as a green 
solid (60 mg, 47% yield) after being washed with MeOH. UV/Vis (CHCl3): λmax (log ε) = 349 (4.8), 
617 (4.5), 684 (5.2) nm. 1H NMR (300.13 MHz, DMSO-d6): δ 1.18-1.42 [m, 27 H, C(CH3)3], 6.52 (s, 
2 H, NH2), 8.36-8.62 (m, 4 H, Pc-β-H), 9.05-9.50 (m, 8 H, Pc-α-H) ppm. HRMS (MALDI-TOF, 
Dithranol): m/z = calcd for C44H41N9Zn: 759.2771 [M]+., found: 759.2775. 
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[2,9(10),16(17)-Tri-tert-butyl-23(24)-(carboxymethylamino)phthalocyaninato]zinc(II) (37) 
To a solution of amino-tri-tert-butylphthalocyaninatozinc(II) 
36 (36.4 mg, 47.8 µmol) in methanol (2.5 mL), 0.5 mL of a 
phosphate buffer solution (pH~7.4), 15.3 mg (166 µmol) of 
glyoxylic acid and 17.2 mg (274 µmol) of sodium 
cyanoborohydride (NaBH3CN) were added. The solution 
was stirred at 80-90 ºC for 19 h under inert atmosphere. 
Diluted HCl was added until a pH 5-6 was obtained, and 
the resulting precipitate was filtered, washed with water and 
dried under diminished pressure. The crude obtained was directly used in the next step reaction 
without any further purification. MS (MALDI, Dithranol): m/z = calcd for C46H43N9O2Zn: 817.3 [M]+., 
found: 817.3 [M]+. and 818.3 [M+H]+. 
 
[2,9(10),16(17)-Tri-tert-butyl-23(24)-(fullero[c]pyrrolidin-1-yl)phthalocyaninato]zinc(II) (38) 
A well-stirred mixture of crude Pc-Gly 37 (~ 35 mg), 
C60 (32.3 mg, 44.8 µmol, 1 equiv) and 
paraformaldehyde (9.6 mg, 282 µmol, 6 equiv) in 
toluene (35 mL) was refluxed under nitrogen for 24 
h. After flash chromatography (silica gel flash) using 
a 1:15 mixture of ethyl acetate/toluene as the eluent, 
the desired compound was isolated as a green solid 
(11.2 mg, 48%) (66% based on recovered fullerene). 
M.p. > 300 ºC. UV/Vis (CHCl3): λmax (log ε) = 340 (5.0), 622 (4.5), 689 (5.2) nm. 1H NMR (300.13 
MHz, THF-d8): δ 1.60-1.83 [m overlaps with solvent, 27 H, C(CH3)3], 5.61, 5.65 (2 s, 4 H, CH2), 
8.12-8.32 (m, 4 H, Pc-β-H), 9.37-9.75 (m, 8 H, Pc-α-H) ppm. HRMS (MALDI-TOF, Dithranol): m/z = 
calcd for C106H43N9Zn: 1505.2927 [M]+., found: 1505.2884. 
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3. Donor-acceptor systems: Synthesis and photophysics of N-linked porphyrin-
phthalocyanine dyads 
 
 Considering that phthalocyanines and porphyrins have complementary absorptions in the 
visible region and exhibit distinct redox and photophysical properties, hetero-arrays of these 
macrocycles are of particular interest. Apart from the potential use as novel optoelectronic 
materials, these systems can also serve as models for the study of energy and electron-transfer 
processes in artificial photosynthetic systems. In this chapter, we report the synthesis and 
photophysics of donor-acceptor systems based on porphyrin-phthalocyanine dyads (Figure 56). 
The photoinduced energy and electron transfer processes in supramolecular systems formed by 
coordination of porphyrin-phthalocyanine dyads with a pyridylfullerene will also be reported. 
 
 
Figure 56. Donor-acceptor systems based on porphyrin-phthalocyanine dyads. 
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3.1. Overview 
 
 In recent years, great efforts have been focused on the design and study of photoactive 
supramolecular arrays aiming to mimic the photosynthetic processes. These multicomponent 
models, such as dyads, triads and higher order arrays, are based on a photon collector, an electron 
donor and an electron acceptor unit. These systems are able to undergo directional electron and/or 
energy transfer.355-358 Porphyrins, phthalocyanines and fullerenes have been found to be excellent 
building blocks to replicate natural processes and, therefore, they are extensively used in the study 
of photoinduced energy and electron transfer processes.359-365 Building chemical systems where 
long-lived charge-separated states can be achieved has been a challenge for chemists.359-361,364,366-
370
 Porphyrin-phthalocyanine dyads, as a consequence of interactions between the individual 
subunits, are appealing light harvesting systems with ability to cover a large part of the solar 
spectrum. Moreover, in most cases, an efficient photoinduced energy transfer from the porphyrin to 
the phthalocyanine unit takes place.371-375 Fullerenes, due to their unique electronic and 
photophysical properties, such as small reorganization energy associated to light-induced electron 
transfer reactions,353,376,377 have also been widely used on the construction of artificial donor-
acceptor models as the electron-acceptor entity.378-381  
 Versatility and tailorability are remarkable features of porphyrins and phthalocyanines, that 
have been increasing their usefulness. Several modifications can be made on both macrocycles, 
thereby allowing a fine-tuning of their chemical and/or physical properties.  
 
3.2. Synthesis of donor-acceptor systems 
 
 In porphyrin-phthalocyanine systems previously described, different types of rigid or 
flexible spacers have been used to connect the two chromophores.372,375,382-390 Some examples of 
porphyrin-phthalocyanine dyads directly connected through the meso or the β-pyrrolic position of 
the porphyrin have also been reported,371,391,392 thus allowing a close proximity of the two units. We 
report herein, the synthesis of hetero-arrays constituted by porphyrin and phthalocyanine 
macrocycles. The two units are linked through an amino group located either at the β-pyrrolic 
position or at the para position of one of the meso phenyl groups of the porphyrin. In the following 
sections the synthesis of both porphyrin and phthalocyanine precursors required for the building of 
the desired dyads will be described (Scheme 32). 
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Scheme 32. Porphyrin and phthalocyanine precursors. 
  
3.2.1. Synthesis of porphyrin precursors 
 
 Porphyrins are a family of intensely coloured pigments, that could be extracted from natural 
sources or of synthetic origin. The unique properties of porphyrins are responsible for their 
importance in the development of molecular optoelectronic devices, molecular wires, 
photoinducible energy or electron transfer systems, light-harvesting arrays, enzyme models, light-
emitting materials, dye-sensitized solar cells, conductive organic materials and photosensitisers for 
photodynamic therapy.74,118,366,387,393-398 
 Functionalization of meso-substituted porphyrins are of great interest. It can be performed 
either by functionalization of a previously prepared porphyrin macrocycle or starting from 
adequately functionalised aryl aldehydes prior to the cyclization step. Generally, most of the 
functionalization studies are related to 5,10,15,20-tetraphenylporphyrin (TPP). This highly 
symmetric porphyrin, first synthesised by Rothemund,399 can be easily prepared by condensation 
of pyrrole with benzaldehyde. A relatively simple one-flask procedure to prepare this type of meso-
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substituted porphyrins was proposed by Gonsalves et al., who found that porphyrinogens are 
efficiently oxidized to porphyrins by nitrobenzene in acetic or propionic acid.96,400 Incorporation of 
functionality at either β-pyrrolic or meso positions of porphyrins allows the modulation of its 
properties and also the building of porphyrin-based molecular architectures by providing a site for 
further bond construction.401 Electrophilic reactions, such as halogenation, formylation and 
nitration, are the most commonly used approaches for peripheral functionalization of meso-
tetraarylporphyrins. 
 
(2-Amino-5,10,15,20-tetraphenylporphyrinato)nickel(II) (42) 
 The functionalization of 5,10,15,20-tetraphenylprophyrins with an amino group should be 
performed on the previously prepared macrocycle, since this functionalization is not compatible 
with the acid-catalysed synthesis of tetraarylporphyrins. The synthetic route followed to achieve (2-
amino-5,10,15,20-tetraphenylporphyrinato)nickel(II) (42) is shown in Scheme 33, and involved the 
reduction of the corresponding nitroporphyrin 41. 
 
Scheme 33. i) Cu(NO3)2.3H2O, acetic acid, acetic anhydride, CHCl3, 60 ºC, 62%; ii) H2SO4 conc, CH2Cl2, 
95%; iii) Ni(OAc)2.4H2O, CHCl3-MeOH, 83%; iv) Sn (s), HCl conc, CHCl3, 74%. 
 
 Several methodologies have been published for nitration of meso-tetraarylporphyrins, 
moreover 2-nitro-tetraarylporphyrins are stable towards demetallation/metallation sequences.402,403  
Among the β-functional groups, the nitro group provides to the porphyrin nucleus exceptional 
reactivity which facilitate further peripheral functionalization.404,405 Reactions such as reduction, ipso 
substitution, nucleophilic addition and electrophilic substitution are examples of β-functionalizations 
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on 2-nitro-tetraarylporphyrins, that can take place at different positions on the macrocycle (Figure 
57).406,407 
 
Figure 57. β-Functionalizations on 2-nitro-tetraarylporphyrins. 
 
 The strategy used for β-mononitration consists in the treatment of TPP with copper(II) 
nitrate trihydrate in a mixture of chloroform, acetic acid and acetic anhydride (Scheme 33, i). (2-
Nitro-5,10,15,20-tetraphenylporphyrinato)copper(II) (39) was obtained in 62% yield, after 
purification by column chromatography (silica gel) and crystallisation from 
dichoromethane/methanol. The mechanism for nitration of TPP occurs in two steps (Scheme 34); 
firstly, the porphyrin is metalated with copper(II), followed by the electrophilic attack of the nitronium 
ion (NO2+). 
 
Scheme 34. Mechanism for nitration of 5,10,15,20-tetraphenylporphyrin. 
 
 Nitronium ions (NO2+) are formed in situ by the action of the acetic acid/acetic anhydride 
mixture on the nitrate ion (NO3-), as elucidated in Scheme 35.408 
Cu(NO3)2 Cu2+  +  2 HNO3
HONO2  +  AcOAc AcOH  +  AcONO2
2 AcONO2 AcOAc  +  O2NONO2
O2NONO2 NO2+  +  NO3-
 
Scheme 35. Formation of nitronium ions. 
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 The selection of the central metal ion plays an important role on nitration of meso-
tetraarylporphyrins, since the electrophilic attack of nitronium ions can occur either at meso or beta 
carbons depending on the coordinated metal.409,410 Magnesium(II) and zinc(II) complexes give 
mainly ring-opened compounds and other non-porphyrinic products, resulting from the initial 
reaction at the meso position.409,411,412 More electronegative ions, such as copper(II), nickel(II) and 
palladium(II), lead to a regioselective reaction at the β-pyrrolic position.410 Thus, copper(II), besides 
protecting the inner porphyrin nitrogens from the deactivating effect of protonation, avoids the 
attack to the meso positions, due to its electronegativity. 
 2-Nitroporphyrins can be efficiently reduced to the corresponding aminoporphyrins using 
Sn/HCl/ultrasound,403 SnCl2/HCl,413 NaBH4-Pd/C,411 ammonium formate-Pd/C403 or Sn/HCl.403 The 
amino group is involved in the major aromatic delocalization pathway, therefore behaves as an 
aromatic amine.414 Nevertheless, 2-aminoporphyrins are susceptible to hydrolysis and tend to 
decompose in just few days, probably due to the transient occurrence of an enamine-imine 
tautomerism. The reduction of the nitro group can be performed directly on (2-nitro-5,10,15,20-
tetraphenylporphyrinato)copper(II) (39), however paramagnetic copper(II) ion is substituted for 
nickel(II) to allow an easy NMR characterisation of the following compounds. Porphyrin 39 is 
demetalated to the corresponding free base 40 in 95% yield, using concentrated sulfuric acid in 
dichloromethane. Subsequent standard metallation of 40 with nickel(II) acetate tetrahydrate in a 
mixture of chloroform-methanol, affords (2-nitro-5,10,15,20-tetraphenylporphyrinato)nickel(II) (41) 
in 83% yield. Finally, treatment of porphyrin 41 with tin powder in concentrated hydrochloridric acid, 
afforded (2-amino-5,10,15,20-tetraphenylporphyrinato)nickel(II) (42) in 74% yield as purple 
crystals. The mechanism proposed for the reduction of the nitro gorup with tin and hydrochloridric 
acid is demonstrated in Scheme 36.  
 
Scheme 36. Mechanism proposed for reduction of nitro groups using Sn/HCl. 
  
 The 1H NMR, UV/Vis and mass spectra of 39-42 are identical to those already 
reported.403,415 
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 [5-(4-Aminophenyl)-10,15,20-triphenylporphyrinato]zinc(II) (45) 
 Unsymmetrically substituted meso-tetraarylporphyrins can be prepared by total synthesis 
via a crossed Rothemund approach, from a mixed condensation of different aromatic aldehydes 
and pyrrole.416-420 However, this strategy invariably leads to a mixture of porphyrins from which the 
desired one must be separated.94 Another approach consists in direct meso-aryl functionalization. 
The direct electrophilic nitration of the meso-phenyl groups of TPP is the recurrently used 
methodology to achieve unsymmetrical porphyrins.421-423 Electrophilic meso-aryl functionalizations 
are usually performed under strong acidic conditions in order to deactivate the macrocycle by 
protonation of the inner nitrogens. 
  [5-(4-Aminophenyl)-10,15,20-triphenylporphyrinato]zinc(II) was obtained following the 
synthetic methodology shown in Scheme 37. 
 
Scheme 37. i) HNO3, CHCl3, rt, 61%; ii) SnCl2.H2O, HCl conc, 62%; iii) Zn(OAc)2.2H2O,CHCl3-MeOH, 65 ºC, 
93%. 
 
 First, selective mononitration with concentrated nitric acid yielded 5-(4-nitrophenyl)-
10,15,20-triphenylporphyrin (43) in 61%. Subsequently, tin(II) chloride reduction of 43 in 
concentrated hydrochloric acid provided the corresponding amino porphyrin 44 in 62% yield, after 
chromatography. Finally, the desired porphyrin 45 was readily obtained in 93% yield by metallation 
of the free base porphyrin 44 with an excess of zinc(II) acetate dihydrate in chloroform-methanol at 
65 ºC. The 1H NMR, UV/Vis and mass spectra of 43-45 are identical to those already 
reported.421,423 
 
(2-Bromo-5,10,15,20-tetraphenylporphyrinato)zinc(II) (47) 
 In the literature, the preparation of β-haloporphyrins from condensation of aldehydes with 
β-halopyrroles is scarce.424-428 This fact is probably due to the low stability and difficulty of 
preparing the β-halopyrrole precursors.429 β-Bromo-meso-tetraarylporphyrins are best prepared by 
bromination of the porphyrin periphery. Various solvents in combination with various brominating 
agents have been used. Bromination of TPP using NBS/chloroform was initially described by 
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Samuels et al.430 The method was then improved by Callot,431 who isolated mono-, tri- and tetra-
bromoporphyrins and a regioisomeric mixture of di-bromoporphyrins. The bromination reaction is of 
antipodal nature and can be explained by the modification of the porphyrin tautomeric equilibrium 
when the first bromo substituent is attached.432 Transient brominated chlorins or similar radical 
species, leading to a fixed aromatic delocalization pathway, can also explain this regioselectivity. 
Further manipulations of the brominated porphyrins, via palladium mediated cross-coupling 
reactions, have been reported for the synthesis of porphyrins that could not be obtained by direct 
condensation,433,434 as well as for the building of more complicated porphyrin-based arrays.435-438 
 
Scheme 38. i) NBS, CHCl3, rt, 31%; ii) Zn(OAc)2.2H2O, CHCl3-MeOH, 96%. 
 
 The bromination reaction was carried out by reacting TPP and NBS in chloroform at room 
temperature (Scheme 38). The desired 2-bromo-5,10,15,20-tetraphenylporphyrin (46) was isolated 
from the mixture of di- and tri-bromoporphyrin derivatives, in 31% yield. Following standard 
metallation of 46 with zinc(II) acetate affoded porphyrin 47 in 96% yield, after crystallisation from 
dichloromethane/light petroleum. The 1H NMR and mass spectra of 46 and 47 are identical to 
those already reported.431 
 
3.2.2. Synthesis of phthalocyanine precursors 
 
 Phthalocyanines are structurally related to porphyrins, but they do not occur in nature. For 
many years, these macrocycles have been used in the industry,  particularly as a consequence of 
their properties as dyes for textiles and inks. Currently, the research of phthalocyanines has been 
focused on applications in materials science, including phthalocyanines as liquid crystals, as 
Langmuir-Blodgett films, as molecular semiconductors, in optical-data storage, in cancer therapy 
as photosensitizers, in photovoltaic cells, and in nonlinear optics, among others.74,118,366,395-398,439-442 
 In this section will be reported the synthesis of the phthalocyanine precursors. Aiming the 
synthesis of the [2,9(10),16(17)-tri-tert-butyl-23(24)-iodophthalocyaninato]zinc(II) (50) by statistical 
condensation, it was first necessary to prepare 4-iodophthalonitrile (49). The synthetic route used 
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to achieve 4-iodophthalonitrile starting from the commercial available 4-nitrophthalonitrile is shown 
in Scheme 39.  
 
Scheme 39. i) Fe (s), HCl conc, MeOH, rt, 83%; ii) NaNO2, H2O, H2SO4; iii) KI, Na2S2O3, 57%. 
 
 The 4-aminophthalonitrile (48) was prepared by reduction of the nitro group, of 4-
nitrophtahlonitrile, with iron powder in acid (Scheme 39, i). The reaction was performed stirring 4-
nitrophthalonitrile in a mixture of methanol and concentrated hydrochloric acid in the presence of  
iron powder at reflux. 4-Aminophthalonitrile 48 was obtained in 83% yield and its 1H NMR spectrum 
is identical to that reported in the literature.443 Subsequently, the 4-iodophthalonitrile (49) was 
prepared via nitrosation of the primary aromatic amine 48 with nitrous acid, generated in situ from 
sodium nitrite and sulfuric acid, leading to the corresponding aryl diazonium salt, which in turn 
reacts with potassium iodide affording the desired iodide (Scheme 39, ii and iii). 
 As already mentioned, the aryl diazonium salt was prepared by treatment of 4-
aminophthalonitrile with sodium nitrite (NaNO2) in the presence of sulfuric acid (Scheme 39, ii). In 
fact, aryl diazonium salts are important intermediates, and may be used in a variety of nucleophilic 
substitution reactions, namely with halides. Although, in aqueous solution these salts are unstable 
at room temperature, where the N2+ group tends to be lost as nitrogen (N2), they have sufficient 
stability at 0 to 10 ºC to perform efficient transformations. Typically diazonium compounds are not 
isolated and once prepared, they are used immediately in further reactions. The mechanism of 
nitrosation of primary aryl amines is depicted in Scheme 40. 
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Scheme 40. Mechanism of nitrosation of primary aromatic amines. 
 
 A solution of potassium iodide was then added to the intermediate diazonium salt at room 
temperature to yield 4-iodophthalonitrile (49) in 57% (Scheme 39, iii). During work-up, the reaction 
mixture was washed with a saturated solution of sodium thiosulfate (Na2S2O3) in order to reduce 
iodine (I2) to iodide (I-), which is soluble in water (Equation 2). 
 
Equation 2 
 
 The 1H NMR spectrum of 4-iodophthalonitrile is identical to that reported in literature.444 
 Once prepared, the 4-iodophthalonitrile was used for the synthesis of the unsymmetrical 
phthalocyanine 50 (Scheme 41). 
 
Scheme 41. ZnCl2, DMAE, Ar, reflux, 33%. 
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 The statistical cross-condensation of 4-iodophthalonitrile 49 with 6 equivalents of 4-tert-
butylphthalonitrile in the presence of zinc(II) chloride in refluxing DMAE afforded a statistical 
mixture of phthalocyanines. After purification by silica gel column chromatography the tri-tert-butyl-
iodophthalocyanine 50 was obtained in 33% yield (Scheme 41). The structure of compound 50 was 
confirmed by mass spectrometry, NMR and UV/Vis spectroscopies. The 1H NMR spectrum of 50 in 
CDCl3 shows broad signals, typical of phthalocyanine aggregation and it is identical to that already 
reported.445 
 
3.2.3. Synthesis of porphyrin-phthalocyanine dyads 
 
  The relevance of phthalocyanines344,441,446,447 in the field of molecular materials lies not 
only in their strong optical absorption in the red/near-infrared zone but also in their versatility as 
molecular building blocks whose properties can be tuned by introduction of different peripheral 
substituents. Among the wide variety of substituents that have been introduced, the amino group 
plays an important role regarding its influence in the phthalocyanine properties.448 In contrast, very 
few efficient methods for introducing this functional group have been described. In most cases, 
amino-substituted phthalocyanines are prepared by reduction of a nitro derivative.449-451 In recent 
years, palladium-catalysed coupling reactions have proved an effective method for phthalocyanine 
functionalization, mainly for attaching alkynyl chains at the peripheral positions.452-455 A palladium-
catalysed reaction has also been applied for connecting amino chains onto the phthalocyanine 
macrocycle.456 This last method would allow the preparation of arylaminophthalocyanines, thus 
making possible the introduction of relatively elaborate substituents. Concerning porphyrins, 
palladium-catalysed amination has emerged as an useful approach for the formation of carbon-
nitrogen bonds.457-466 Herein, we report on the use of the palladium catalysed Buchwald-Hartwig 
amination reaction467 as a good method to prepare porphyrinylaminophthalocyanines. 
 
Tetraphenylporphyrinyl-phthalocyanine dyads 52-55 (MP-ZnPc) 
  The synthesis of the porphyrin-phthalocyanine dyads MP-ZnPc (52-55) involved two 
different synthetic approaches. One of them is based on a palladium-catalysed Buchwald-Hartwig 
amination reaction of adequately functionalized phthalocyanine and porphyrin fragments (Scheme 
42, i and ii), and the other involves the classical statistical cross-condensation of two differently 
substituted phthalonitriles (Scheme 42, iii).  
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Scheme 42. i) Pd(OAc)2, rac-BINAP, KOtBu, toluene, N2, 100 ºC, 64%; ii) 4-tert-butylphthalonitrile, ZnCl2, 
DMAE, N2, reflux, 37%; iii) Pd(OAc)2, rac-BINAP, KOtBu, toluene, N2, reflux, 84%; iv) H2SO4 conc, CH2Cl2, 
96%; v) Zn(OAc)2.2H2O, CHCl3-MeOH, 65%; vi) Pd(OAc)2, CHCl3-MeOH, 71%. 
 
 The palladium-catalysed coupling of aryl halides and amines to generate arylamines was 
first studied by Migita468 and was subsequently developed by Buchwald469 and Hartwig470 research 
groups in independent investigations. These C-N coupling reactions, commonly known as 
Buchwald–Hartwig amination, usually require a catalytic system containing four components - 
palladium precursor, ligand, base and solvent - to efficiently generate the desired C-N bond. 
Different authors agree that there is no general mechanism for palladium-catalysed C-N coupling, 
but multiple mechanistic pathways are possible depending not only on the substrate classes that 
are coupled, but also on the ligand class that coordinates to the transition metal.471 A general 
mechanism with two possible pathways is depicted in Scheme 43.472-476 
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Scheme 43. Proposed mechanistic pathways for C-N coupling. 
 
 The precursor Pd(0) or Pd(II), which is reduced to the active Pd(0) species, is stabilized by 
a ligand L to form the catalyst 1. Subsequently, the aryl halide 2 coordinates to palladium by 
oxidative addition affording intermediate 3. At this point, the catalytic cycle can undergo two 
possible pathways: A or B. In both cases, a base is required to deprotonate the amine substrate (4) 
prior to (A) or after (B) coordination to the palladium centre. The resulting intermediate 5 can then 
suffer either a reductive elimination to the desired aryl amine 6 or an undesired β-hydride 
elimination to the aryl compound 7 and the imine 8. In each case the liberated LnPd(0) species 
starts a new catalytic cycle. 
 The most prominent Pd(0) precursors are Pd2(dba)3 and Pd(dba)2 (dba, 
dibenzylideneacetone), while Pd(II) precursors are palladium(II) acetate (Pd(OAc)2), 
allylpalladium(II) chloride dimer ([allPdCl]2) and palladium(II) acetylacetonate (Pd(acac)2). The 
choice of the ligand plays an important role, since its electron density facilitates the oxidative 
addition and its bulkiness accelerates the reductive elimination. The first generation catalyst 
systems included monodentate phosphines, P(o-Tol)3 (tri-o-tolylphosphine),473 while chelating 
bidentate phosphines, such as BINAP (2,2'-bis(diphenylphosphino)-1,1'-binaphthyl), DPPF (1,1'-
bis(diphenylphosphino)ferrocene) or DPPP (1,3-bis(diphenylphosphino)propane), comprise the 
second generation catalyst systems that greatly improved the scope of amination 
reactions.472,474,477,478 Nevertheless, newer third generation developments on electron-rich sterically 
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hindered ligands belonging to trialkylphosphine, ferrocenyldialkylphosphine, aryldialkylphosphine, 
heterocyclic carbene, palladacycle, phosphinous acid or dialkylphosphinoimidazole classes have 
been investigated.475,479,480 Related to the base, the most common for C-N couplings are: NaOtBu, 
KOtBu, LiN(SiMe3)2, Cs2CO3, K2CO3, K3PO4, NaOMe, NaOH and KOH. Owing to the often 
heterogeneous nature of the reaction due to the solubilities of the base or of the substrates, the 
solvent plays a more prominent role than in other transition metal-mediated processes. The 
majority of the reactions reported are carried out in toluene, dimethyl ether (DME), tetrahydrofuran 
(THF) or dioxane, as well as in polar solvents, such as N,N-dimethylformamide (DMF), N-methyl-2-
pyrrolidone (NMP) or dimethyl sulfoxide (DMSO). 
 Application of transition metal-catalysed transformations to porphyrins and/or 
phthalocyanines has proven to be very powerful to create new types of compounds, which have 
their own intriguing structures and properties, facilitating further development of these important 
classes of functional molecules.481-486 
 The synthesis of dyad 52 using a statistical condensation methodology required the 
preparation of the precursor 51 (Scheme 42, via i and ii). This compound was obtained by a 
Buchwald-Hartwig amination reaction of [2-amino-5,10,15,20-tetraphenylporphyrinato]nickel(II) (42) 
and 4-iodophthalonitrile. The Pd(OAc)2/rac-BINAP catalytic system was employed together with 
potassium tert-butoxide as base. The desired phthalonitrile 51 was obtained in 64% yield after 
purification by silica gel column chromatography and crystallisation from dichloromethane/light 
petroleum. Similar yields were obtained when the reactions were carried out either in toluene or 
THF at refluxing temperatures. The structure of 51 was confirmed by mass spectrometry (HRMS) 
and NMR and UV/Vis spectroscopies. The molecular ion of compound 51 (m/z 811.1981, [M]+.) 
was observed by MALDI mass spectrometry, using dithranol as matrix. The 1H NMR spectrum of 
compound 51 in CDCl3 (Figure 58) shows a singlet at δ 6.42 ppm due to the resonance of the N-H 
proton. The signals corresponding to the resonance of the phthalonitrile protons emerge as a 
double doublet at δ 6.94 ppm (J = 2.4 and 8.7 Hz) attributed to 6’-H and two doublets at δ 6.98 (J = 
2.4 Hz) and 7.51 (J = 8.7 Hz) ppm due to 2’-H and 5’-H, respectively. The meta and para protons of 
the phenyl groups emerge as a multiplet between δ 7.64 and 7.73 ppm, while the ortho protons 
appear as two multiplets at δ 7.88-7.91 and 7.96-8.00 ppm attributed to Ph-20-o-H and Ph-5,10,15-
o-H, respectively. The signals corresponding to the resonance of the β-pyrrolic protons appear 
between δ 8.44 and 8.74 ppm; the signal due to proton 3-H emerges as a singlet at δ 8.44 ppm, 
the doublet at δ 8.60 ppm (J = 5.0 Hz) is attributed to one β-pyrrolic proton and, the signals 
corresponding to the resonance of the other five β-pyrrolic protons appear at δ 8.67-8.74 as a 
multiplet. 
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Figure 58. 1H NMR spectrum of compound 51 in CDCl3. 
 
 NiP-ZnPc dyad 52 was subsequently prepared in 37% yield by statistical condensation of 
the porphyrin 51 with an excess of 4-tert-butylphthalonitrile in refluxing DMAE using zinc(II) chloride 
as template (Scheme 42, ii). As expected, the reaction afforded a mixture of the desired dyad 52 
and zinc(II) tetra-tert-butylphthalocyanine (ZntBu4Pc) as major products. Additionally, during 
purification of the reaction mixture by column chromatography, a minor amount of a product 
identified by HRMS (MALDI-TOF) as a (NiP)2-ZnPc triad was obtained.  
 Dyad 52 was prepared in 84% yield by an alternative route which involved the reaction of 
porphyrin 42 with phthalocyanine 50 using the abovementioned Buchwald-Hartwig reaction 
conditions (Scheme 42, iii). Finally, in order to obtain the photoactive ZnP-ZnPc dyad 54, the 
porphyrin moiety of the NiP-ZnPc derivative (52) was demetalated to the corresponding free base 
53, using concentrated sulfuric acid in dichloromethane (96% yield), followed by standard 
metallation using zinc(II) acetate dihydrate (65 % yield, Scheme 42, iv and v). Similarly, PdP-ZnPc 
dyad 55 was prepared by standard metallation of dyad 53 with palladium(II) acetate (71% yield, 
Scheme 42, vi), with the aim of obtaining a stronger porphyrin complex, since zinc(II) can be easily 
removed under acidic conditions. The structures of all new compounds were confirmed by NMR 
techniques (1H, COSY and HSQC) and UV/Vis spectroscopies and high resolution mass 
spectrometry (HRMS). In the HRMS (MALDI-TOF) spectra of all MP-ZnPc dyads 52-55, peaks for 
the corresponding [M]+. ions were detected. The 1H NMR spectra of dyads 52 and 54 in THF-d8 
gave rise to broad signals, probably due to the fact that these compounds are mixtures of 
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regioisomers and/or intermolecular aggregation. Therefore, complete signal assignment was 
difficult. The multiplet around δ 1.8-1.9 ppm corresponds to the resonance of the tert-butyl protons. 
Between δ 7.2 and 9.0 ppm emerge the signals corresponding to the resonances of Pc-α-H, Pc-β-
H and Por-Ph-H protons, and the series of multiplets between δ 9.2 and 9.7 ppm are due to the 
resonances of the β-pyrrolic protons of the porphyrin moiety.  
 A complementary approach to the Buchwald-Hartwig amination reaction afore reported 
was applied to achieve dyad ZnP-ZnPc 54 and  zinc(II) complex of porphyrin 56 (Scheme 44). In 
this approach, the porphyrin unit bears the halogen (bromide) and the phthalonitrile/phthalocyanine 
the amino group. 
 
Scheme 44. i) Pd(OAc)2, rac-BINAP, KOtBu, toluene, N2, 100 ºC, 61%; ii) Pd(OAc)2, rac-BINAP, KOtBu, 
toluene, N2, reflux, 30%. 
 
 (2-Bromo-5,10,15,20-tetraphenylporphyrinato)zinc(II) (47) and 4-aminophthalonitrile or [2-
amino-9(10),16(17),23(24)-tri-tert-butylphthalocyaninato]zinc(II) (36) were reacted with Pd(OAc)2/ 
rac-BINAP catalytic system together with potassium tert-butoxide in toluene, to afford the porphyrin 
56 or dyad 54, respectively, in 61% or 30% yield. The structure of porphyrin 56 was confirmed by 
mass spectrometry, NMR and UV/Vis spectroscopies. The 1H NMR spectrum of zinc(II) complex 56 
in CDCl3 is quite similar to the one of nickel(II) complex 51; the main difference consists in a slight 
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downfield shift of all signals. Additionally, the structure of compound 56 was unequivocally 
confirmed by single-crystal X-ray diffraction studies (Figure 59, Annex 1). 
 
Figure 59. Molecular unit of 56. Non-hydrogen atoms are represented as thermal ellipsoids drawn at the 50% 
level. 
 
Triphenylquinolino[2,3,4-at]porphyrinyl-phthalocyanine dyads 59-61 (MQP-ZnPc) 
 The synthesis of porphyrins bearing fused rings has attracted the attention of many 
research groups, once the optical properties, coordination chemistry and redox behaviour of the 
porphyrin can be affected. Enhancement of the electronic communication, that may be favourable 
to mimic the light-harvesting system in photosynthesis, and a red-shift of the absorption bands are 
the most remarkable changes induced by a fused ring on a porphyrin. Many examples of 
porphyrins bearing fused rings487 have been reported, either by treatment of nickel(II) 2-nitro-meso-
tetraarylporphyrins with triethyl phosphite,488 or by thermal cyclization of nickel(II) β-
azidotetraarylporphyrins.489,490 Recently, Cavaleiro and co-workers reported an efficient method for 
the preparation of porphyrins bearing fused rings by oxidative cyclization of β-
arylaminoporphyrins.465 We now report for the first time, the synthesis of N-linked porphyrin-
phthalocyanine assembles, in which the porphyrin moiety has a fused ring, a 
triphenylquinolino[2,3,4-at]porphyrin. 
 The synthetic route to achieve the triphenylquinolino[2,3,4-at]porphyrinyl-phthalocyanine 
dyads (MQP-ZnPc) is shown in Scheme 45. 
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Scheme 45. i) H2SO4 conc, CH2Cl2, 80%; ii) Nitrobenzene, reflux, 50%; iii) 4-tert-butylphthalonitrile, ZnCl2, 
DMAE, N2, reflux, 38%; iv) H2SO4 conc, CH2Cl2, 86%; v) Pd(OAc)2, CHCl3-MeOH, 54%. 
 
 The synthesis of ZnQP-ZnPc dyad (59) required the preparation of the precursor 58. This 
compound was obtained in 50% yield by oxidative cyclization465 of porphyrin 57 (obtained by 
demetallation of compound 51) in refluxing nitrobenze. Attempted oxidative cyclization of the nickel 
complex 51 resulted in the formation of a complex mixture where only vestigial amounts of the 
desired compound could be detected. The 1H NMR spectrum of compound 57 in CDCl3 is quite 
similar to that of its precursor 51; the appearance of a singlet at δ -2.76 ppm attributed to the 
resonances of the two inner protons of the macrocycle confirmed the demetallation of the porphyrin 
moiety. The 1H NMR spectrum of compound 58 (Figure 60) shows that the signal of the inner 
protons (NH) emerges at low field (δ -1.62 ppm, not shown) when compared with those from 
compound 57 (-2.76 ppm). A double doublet at δ 7.46 ppm (J = 1.2 and 7.2 Hz) corresponds to the 
resonance of the proton 2’-H. The signals corresponding to the resonance of nine protons Ph-
5,10,15-m,p-H and 3'-H proton emerge as a multiplet between δ 7.71 and 7.81 ppm; within this 
multiplet can be distinguished the signal corresponding to the resonance of proton 3-H, that 
appears as a singlet at δ 7.76 ppm. The signal corresponding to the resonance of proton 4'-H 
appears as a multiplet at δ 7.86-7.89 ppm. The ortho protons of the phenyl groups emerge as a set 
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of three multiplets between δ 8.09 and 8.27 ppm. The signal of proton 5''-H emerges as a doublet 
at δ 8.30 ppm (J = 8.2 Hz). At δ 8.41 ppm appears a double doublet that corresponds to the 
resonance of 6''-H (J = 2.1 and 8.2 Hz) and at δ 8.44 ppm appears a doublet corresponding to the 
resonance of the proton 2''-H (J = 2.1 Hz). The signals corresponding to the resonance of five β-
pyrrolic protons 12-H, 13-H, 7-H, 8-H and 17-H appear as doublets at δ 8.65 (J = 4.6 Hz), 8.72 (J = 
4.6 Hz), 8.74 (J = 4.9 Hz), 8.82 (J = 4.9 Hz) and 8.89 (J = 4.7 Hz) ppm, respectively. At low field 
appears a double doublet at δ 9.63 ppm (J = 1.2 and 8.1 Hz) corresponding to the resonance of the 
proton 5'-H, and a doublet at δ 9.71 ppm (J = 4.7 Hz) corresponding to the resonance of the proton 
18-H.  
 
Figure 60. Partial 1H NMR spectrum of compound 58 in CDCl3. 
 
 In addition, the structure of compound 58 was unequivocally confirmed by single-crystal X-
ray diffraction studies (Figure 61, Annex 2). 
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Figure 61. Molecular unit of 58. Non-hydrogen atoms are represented as thermal ellipsoids drawn at the 50% 
level. 
 
 In Figure 62 is shown the UV/Vis absorption spectra of compounds 57 and 58 in toluene. 
These spectra are typical of free base porphyrins, with an intense Soret band around 390-425 nm 
and four much weaker Q bands (500-700 nm). However, the red-shift of relatively intense Q band 
absorptions, at 546, 586, 609 and 663 nm, is quite remarkable for 58. 
 
Figure 62. UV/Vis spectra of 57 and 58 in toluene. 
 
 Statistical condensation of the phthalonitrile 58 with an excess of 4-tert-butylphthalonitrile 
in refluxing DMAE and using zinc(II) chloride as template afforded a mixture of the desired dyad 
ZnQP-ZnPc 59 (38% yield) and zinc(II) tetra-tert-butylphthalocyanine (ZntBu4Pc) as major 
products. A minor amount of the triad (ZnQP)2-ZnPc (identified by HRMS (MALDI-TOF) was also 
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detected. Finally, demetallation of the porphyrin moiety of ZnQP-ZnPc 59, followed by metallation 
using palladium(II) acetate, afforded dyad 61 (PdP-ZnPc) in 54% yield. 
 The structures of the new MQP-ZnPc dyads (59-61) were confirmed by NMR and UV/Vis 
spectroscopies and HRMS mass spectrometry. The HRMS (MALDI-TOF) spectra of ZnQP-ZnPc 
59 and H2QP-ZnPc 60 revealed the presence of the peaks corresponding to the [M]+. ions, while for 
PdQP-ZnPc 61 the observed peak was attributed to the [M+H]+ ion. The 1H NMR spectrum of dyad 
59 in CDCl3 or THF-d8 showed broad signals. However, a quite well-resolved spectrum is obtained 
in THF-d8 in presence of a trace amount of pyridine-d5, although compound 59 is a mixture of 
isomers. The resonance of the tert-butyl protons appear as multiplet between δ 1.17 and 1.46 ppm.  
Between δ 7.16 and 8.00 ppm, emerge the signals corresponding to the resonances of protons Ph-
5,10,15-m,p-H, 3-H, 2'-H, 4'-H and Pc-β-H. The multiplets at δ 8.12-8.40 ppm are attributed to the 
resonances of the ortho protons of the phenyl group (Ph-5,10,15-o-H), 3'-H and one β-pyrrolic 
proton. The resonance of four β-pyrrolic protons of the porphyrin unit emerge as a multiplet at δ 
8.58-8.87ppm. At low field, between δ 9.24 and 10.01 ppm appear the signals corresponding to the 
resonances of protons 5'-H and 18-H of the porphyrin moiety and the α-protons of the 
phthalocyanine.  
 
Porphyrin-phthalocyanine dyads 63-65 (MPΦ-ZnPc) 
 We report herein the synthesis of porphyrin-phthalocyanine dyads 63-65, where the two 
macrocycles are linked through an amino group located at one of the meso phenyl groups of the 
5,10,15,20-tetraphenylporphyrin. 
 The same strategies above described to achieve MP-ZnPc dyads 52-55, were applied to 
the synthesis of dyads MPΦ-ZnPc 63-65 and are depicted in Scheme 46. The synthetic 
approaches followed are based on palladium-catalysed Buchwald-Hartwig amination reactions and 
the classical statistical cross-condensation of a previously prepared phthalonitrile 62. 
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Scheme 46. i) Pd(OAc)2, rac-BINAP, KOtBu, toluene, N2, 100 ºC, 19%; ii) 4-tert-butylphthalonitrile, ZnCl2, 
DMAE, N2, reflux, 17%; iii) Pd(OAc)2, rac-BINAP, KOtBu, toluene, N2, reflux, 60%; iv) H2SO4 conc, CH2Cl2, 
51%; v) Pd(OAc)2, CHCl3-MeOH, 47%. 
 
 The required phthalonitrile precursor 62 was prepared from [5-(4-aminophenyl)-10,15,20-
triphenylporphyrinato]zinc(II) (45); this derivative was subjected to a palladium-catalysed coupling 
reaction with 4-iodophthalonitrile (Scheme 46, i). The amination reaction gave the phthalonitrile 
precursor 62 in low yield (15-19%) whenever refluxing toluene or THF was employed as solvent. 
The structure of the compound 62 was confirmed by NMR and UV/Vis spectroscopies and mass 
spectrometry. Its 1H NMR spectrum in CDCl3  shows a singlet at δ 6.64 ppm corresponding to the 
resonance of the NH proton. A doublet at δ 7.44 ppm (J = 2.5 and 8.7 Hz) is attributed to the 
resonance of the proton 6'-H, the doublet at δ 7.56 ppm (J = 2.5 Hz) ppm corresponds to the 
resonance of 2’-H, and the doublet at δ 7.57 ppm (J = 8.7 Hz) is due to the resonance of 5’-H 
proton. The signal corresponding to the resonance of the two protons Ph-5-m-H appears as a 
doublet at δ 7.72 ppm (J = 5.1 Hz). The signals of the nine protons Ph-10,15,20-m,p-H emerge as 
a multiplet at δ 7.74-7.80 ppm and the six protons Ph-10,15,20-o-H appear as a multiplet at δ 8.22-
8.24 ppm. The doublet at δ 8.27 ppm (J = 5.1 Hz) corresponds to the resonance of the two protons 
Ph-5-o-H. The signal corresponding to the resonance of β-pyrrolic protons emerge as a multiplet at 
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δ 8.96-9.00 ppm. Molecular ions of compound 62 was observed by HRMS (MALDI-TOF) using 
dithranol as matrix. 
 The phthalonitrile precursor 62 was subjected to cross-condensation with an excess of 4-
tert-butylphthalonitrile using the standard conditions (refluxing DMAE in the presence of zinc(II) 
chloride). Dyad ZnPΦ-ZnPc 63 was obtained in 17% yield from the reaction mixture (Scheme 46, 
ii). The same dyad, ZnPΦ-ZnPc 63, could also be prepared in 60% yield by coupling [5-(4-
aminophenyl)-10,15,20-triphenylporphyrinato]zinc(II) (45) with zinc(II) 2,9(10),16(17)-tri-tert-butyl-
23(24)-iodophthalocyanine (50) in toluene. In order to obtain a more stable porphyrin complex, the 
palladium(II) derivative 65 was prepared. Dyad PdPΦ-ZnPc 65 was obtained in 47% yield by 
demetallation of the porphyrin moiety of ZnPΦ-ZnPc 63 to the corresponding H2PΦ-ZnPc 64 (51% 
yield), followed by metallation with palladium(II) acetate. The structural elucidation of the new 
compounds involved the use of NMR techniques (1H, COSY and HSQC), UV/Vis spectroscopy and 
HRMS mass spectrometry. Molecular ions of all dyads were observed by MALDI mass 
spectrometry, using dithranol as matrix. In the HRMS (MALDI-TOF) spectra could be detected the 
peaks corresponding to the ions [M]+. for dyads 64 and 65 and the ion [M+H]+ for dyad 63. The 1H 
NMR spectrum of ZnPΦ-ZnPc 63 in THF-d8 gives rise to well-defined signals, consequently signal 
assignment was quite clear. The multiplet at δ 1.78-1.86 ppm corresponds to the resonance of the 
tert-butyl protons. The signals due to the resonance of protons Ph-10,15,20-m,p-H emerge as a 
multiplet at δ 7.70-7.86 ppm, the multiplet at δ 7.98-8.09 ppm is attributed to the resonance of the 
two protons Ph-5-m-H. At δ 8.13-8.50 ppm appears a multiplet due to the resonance of Pc-β 
protons and ortho protons of the phenyl groups. The β-pyrrolic protons of the porphyrin moiety 
emerge as multiplets between δ 8.70 and 9.15 ppm. The signals due to the resonance of the α-
protons of the phthalocyanine moiety appear as a set of two multiplets between δ 9.32 and 9.61 
ppm. 
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3.3. Electronic absorption and photophysical properties 
 
 The remarkable properties of both porphyrins (P) and phthalocyanines (Pc) as individual 
chromophores366,395,491-493 have given rise in recent years to the synthesis and study of 
porphyrin/phthalocyanine conjugates in various contexts, particularly as light harvesting systems 
with a wider absorption spectrum.372,391,392,494 Porphyrins absorb in the blue-green portion of the 
visible spectrum, where phthalocyanines have low molar absorption coefficients. Owing to the fact 
that the Q band absorption of phthalocyanine overlaps quite well with the fluorescence of 
porphyrins, intramolecular singlet excited state energy transfer from the porphyrin to the 
phthalocyanine occurs very efficiently in most porphyrin/phthalocyanine conjugates. Importantly, 
the close contact between the donor porphyrins and the acceptor phthalocyanines leads in several 
cases to strong electronic coupling or a partial electronic orbital overlap. 
 In this section, photophysical properties of the N-linked porphyrin-phthalocyanine dyads 
are presented. The electronic absorption and photophysical measurements were performed at the 
Friedrich-Alexander-Universität Erlangen-Nürnberg of the Department of Chemistry and Pharmacy 
& Interdisciplinary Center for Molecular Materials (ICMM), Erlangen, Germany. 
 
 
3.3.1. Transduction of excited state energy of dyads ZnP-ZnPc (54) and ZnPΦ-ZnPc 
(63) 
 
 The major goal of contemporary investigations is to construct an effective energy-transfer 
functional entity that can be easily incorporated into photosynthetic model systems. The possibility 
of driving intramolecular energy transfer from an upper excited state such as S2 is an intriguing 
objective.495-503 Usually, upper excited states are too short-lived to be involved in energy transfer or 
electron transfer reactions. However, the use of ultrafast laser spectroscopy has demonstrated 
that, in photosynthesis, energy transfer can occur from both the S2 and S1 states.504-510 In this 
regard, the design and synthesis of building blocks to construct more sophisticated molecular 
materials close to the natural photosynthetic reaction centers has been pursued.511,512 Herein, will 
be reported the study of porphyrin-to-phthalocyanine energy transfer processes on dyads ZnP-
ZnPc (54) and ZnPΦ-ZnPc (63) (Figure 63).513,514 
 
Chapter 3. Donor-acceptor systems: Synthesis and photophysics of N-linked porphyrin-phthalocyanine dyads 
163 
 
 
Figure 63. Dyads ZnP-ZnPc (54) and ZnPΦ-ZnPc (63) and their references ZnTPP and ZntBu4Pc. 
 
Ground state absorption properties 
 To understand the mechanism of porphyrin singlet energy transfer, we studied the pathway 
and efficiency of energy transfer as a function of the structures of the donor and acceptor 
molecules. To focus on the electronic interaction between the photo- and redox-active components, 
the ground state absorption spectra of ZnP-ZnPc and ZnPΦ-ZnPc were compared with those of 
the individual components, model compounds ZnTPP and ZntBu4Pc (Figure 64). 
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Figure 64. UV/Vis spectra of dyads ZnP-ZnPc (red) and ZnPΦ-ZnPc (green) in THF, compared to the ones 
of ZnTPP (black) and ZntBu4Pc (blue) references. 
 
 For the model compound ZnTPP, the Soret and Q bands of the porphyrin are seen in the 
400–450 nm and 550–650 nm regions, respectively. On the other hand, the optical absorption 
features of the model compound ZntBu4Pc exhibit in all solvents a set of Q bands, a strong 
maximum around 685 nm and a minor maximum around 610 nm, and a Soret band that maximizes 
at 350 nm. The spectroscopic features of ZnTPP and ZntBu4Pc Soret and Q bands relate to S0–S2 
and S0–S1 transitions, respectively. The close proximity of ZnP and ZnPc is the essence for 
through-space and through-bond interactions, whose effects may be detectable in the shifts of 
some absorption bands. 
 The spectra of ZnP-ZnPc and ZnPΦ-ZnPc show the characteristic absorptions of the 
individual constituents, namely strong absorptions assigned to the porphyrin and phthalocyanine 
Soret and Q bands. However, the red-shift of 27 nm experienced by the phthalocyanine Q band in 
dyad ZnP-ZnPc is quite remarkable, suggesting a reduction of its HOMO-LUMO gap as a 
consequence of the electron-donor character of the porphyrinylamino substituent. Similarly, the 
most important observation in the absorption spectrum of ZnPΦ-ZnPc was the red-shift of 17 nm 
that the Q band of ZnPc experienced and the hypsochromic shift of the ZnP Soret band. 
 
Emission and transient absorption properties 
 Excited state interactions between the two constituents, ZnTPP and ZntBu4Pc, in the form 
of transducing singlet excited state energy, were probed by means of fluorescence (steady-state 
and time-resolved) and transient absorption spectroscopies (time-resolved). Of key importance are 
the complementary absorption features of ZnP and ZnPc. For instance, maximum absorptions of 
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ZnP emerge in the 400 to 450 nm region, while ZnPc dominates the range from 650 to 700 nm with 
its strong absorption. 
 
Steady-state fluorescence measurements 
 Both model compounds, ZnTPP and ZntBu4Pc, fluoresce strongly as mirror images to their 
ground state absorptions. In particular, fluorescence maxima are seen to emerge in toluene at 
595/645 and 680 nm for ZnTPP and ZntBu4Pc, respectively; while, in THF ZnTPP occurs at 
600/650 nm. Relative to ZnTPP and ZntBu4Pc, red-shifted fluorescence maxima are detected for 
ZnP-ZnPc and ZnPΦ-ZnPc. In THF, ZnP-ZnPc displays a maximum at 710 nm, while a maximum 
for ZnPΦ-ZnPc arises around 695 nm (Figure 65). 
 
Figure 65. Room temperature steady-state fluorescence spectra of ZnTPP (black), ZnP-ZnPc (red) and 
ZnPΦ-ZnPc (orange) recorded in THF with equal absorbance at the 555 nm excitation wavelength. 
 
 This trend, which reflects the mutual ZnP/ZnPc electronic coupling, is excitation 
wavelength independent. More quantitative information was deduced from fluorescence quantum 
yield determinations. When exciting ZnP-ZnPc or ZnPΦ-ZnPc at 400 nm, which features the ZnP 
centered fluorescence, lower quantum yields were derived for ZnP-ZnPc (0.003)  than for ZnPΦ-
ZnPc (0.004). The model compound ZnTPP, on the other hand, fluoresces under these conditions 
much more strongly with a quantum yield of 0.04. When turning to the red part of the spectrum, a 
fluorescence pattern resembles that of model compound ZntBu4Pc. Here, quantum yields of 0.02 
(ZnP-ZnPc) and 0.07 (ZnPΦ-ZnPc) are, however, much lower than that known for ZntBu4Pc with 
a value of 0.3. When excitation is performed at 555 nm, the ZnP and ZnPc quantum yields are 
slightly smaller and higher, respectively. Importantly, at the 400 nm excitation wavelength the 
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relative ZnP to ZnPc absorption ratio is exceeding 9 to 1 in ZnP-ZnPc and ZnPΦ-ZnPc. In other 
words, detecting the ZnPc fluorescence with high quantum yields despite the nearly exclusive ZnP 
excitation, implies in ZnP-ZnPc a more efficient transduction of singlet excited state energy than in 
ZnPΦ-ZnPc. Independent confirmation for this hypothesis was lent from excitation spectra, in 
which the fluorescence wavelengths were kept constant at either 710 nm (ZnP-ZnPc) or 695 nm 
(ZnPΦ-ZnPc). Both excitation spectra revealed features that are excellent matches to the ground 
state absorptions. Decisive are in this context the ZnP contributions in the 400 to 450 nm region, 
next to those of ZnPc between 650 and 700 nm. 
 
Time-resolved fluorescence measurements 
 When turning to conventional time-resolved fluorescence measurements the following 
lifetimes emerged for the model compounds: 1.6 ns recorded around 600 nm for ZnTPP and 3.0 ns 
recorded around 700 nm for ZntBu4Pc. Related to ZnP-ZnPc and ZnPΦ-ZnPc, it is only in the 700 
to 750 nm range that an appreciable and measurable fluorescence evolves with lifetimes of 1.5 ns 
for ZnP-ZnPc and 1.9 ns for ZnPΦ-ZnPc, that are essentially identical to that of model compound 
ZntBu4Pc. Conversely, in the 600 to 650 nm range no detectable ZnP fluorescence was noted 
within the 0.1 ns detection range. 
 
Fluorescence up-conversion measurements 
 The lack of time resolution led us to turn to fluorescence up-conversion, which provides 
insights into lifetimes very close to or shorter than the instrumental limit of transient absorption 
spectroscopy (see below). Figure 66 shows the fluorescence time profiles of ZnPΦ-ZnPc upon 415 
nm excitation at different wavelengths of ZnP (decay at 600 nm) and ZnPc (growth at 670 nm) 
fluorescence. 
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Figure 66. Fluorescence time profiles of ZnPΦ-ZnPc at 600 nm (black) of the ZnP S2 excited state and 670 
nm (red) of the ZnPc S1 excited state upon 415 nm excitation. 
 
 The ZnPc growth at 670 nm is best fitted by a triexponential function with lifetimes of 0.8 
ps, 18.9 ps, and 1.2 ns. Considering that reference experiments with the model compound ZnTPP 
provided lifetimes of the S2 excited state at 450 nm of 1.9 ps and the S1 excited state at 600 nm of 
1.4 ns we hypothesize the following. The two shorter lifetimes (0.8 ps and 18.9 ps) reflect the 
intramolecular energy transfer, which are likely to commence from the S2 excited state as well as 
from the S1 excited state of ZnP. This hypothesis is supported from the facts that (i) the 0.8 ps 
component expresses at 600 nm a decay, (ii) is much faster than the internal conversion seen in 
ZnTPP (1.9 ps), and (iii) is in line with recent findings on a series of porphyrin/phthalocyanine 
conjugates. The longest component (1.2 ns), on the other hand, is due to the intrinsic ZnPc 
fluorescence. These different pathways are better illustrated in Figure 67, which displays the 
amplitude of fluorescence as a function of wavelength. 
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Figure 67. Decay-associated spectra obtained from the global analysis of the fluorescence dynamics of 
ZnPΦ-ZnPc with lifetimes of 0.8 ps (black line), 18.9 ps (red line) and 1.2 ns (orange line). 
 
 Here, contributions from the actual energy transfer give rise to higher amplitudes in the 
ZnP range (600 and 650 nm) than in the ZnPc range (670 and 690 nm). For the deactivation of the 
ZnPc singlet excited state the reversed trend is observed. In ZnP-ZnPc, the corresponding 
lifetimes are 0.7 ps, 10.7 ps, and 0.46 ns. Due to the red-shift of the ZnPc emission band to 710 nm 
the detection of the ZnPc deactivation was impossible within the instrumental limit. 
 
Transient absorption spectroscopic measurements 
 Results from the steady-state and time-resolved experiments prompts to a fairly fast and 
efficient deactivation of photoexcited ZnP-ZnPc and ZnPΦ-ZnPc via energy transfer. Thus, 
femtosecond transient absorption spectroscopic measurements were performed to further unveil 
the deactivation process and, in addition, to analyze its kinetics. The differential absorption 
changes, taken right after 150 fs laser pulse excitation of the model compound ZnTPP at 387 nm in 
THF, show the instantaneous transformation (0.9 ps) of high lying singlet excited states of the 
porphyrin (S2, etc.), at around 450 nm, into the lowest vibrational state of the ZnTPP S1 excited 
state Figure 68. 
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Figure 68. Differential absorption spectra (visible and near-infrared) obtained upon femtosecond flash 
photolysis (387 nm) of ZnTPP in argon saturated THF with time delays of 2 ps (black) and 3000 ps (red) at 
room temperature. 
 
 In particular, noticeable transitions develop in the region between 600 nm and 1100 nm. 
Besides these characteristics, bleach features, as they relate to the ground state absorptions, are 
found around 420 nm as well as at 550 and 600 nm. The S1 excited state at around 620 nm 
deactivates slowly via intersystem crossing to the energetically lower lying triplet excited state. The 
rate constant of intersystem crossing was determined from a multi-wavelength analysis to be 2.2 
ns. The newly developing band at 840 nm reflects the diagnostic signature of the triplet excited 
state of ZnTPP with a lifetime of 45 µs. In the presence of molecular oxygen, the triplet excited 
state experiences a concentration dependent deactivation process to form singlet oxygen 
quantitatively. 
 In the corresponding transient absorption measurements with model compound ZntBu4Pc, 
where we used approximately 150 fs pulse width excitation at 560 nm, we note the instantaneously 
formed singlet-singlet features at around 690 nm. 
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Figure 69. Differential absorption spectrum (visible and near-infrared) obtained upon femtosecond flash 
photolysis (560 nm) of ZntBu4Pc in argon saturated THF with time delays of 2 ps at room temperature. 
 
 These include transient minima at 610 and 685 nm, which indicate consumption of the 
ground state, and transient maxima between 400 and 600 nm. In ZntBu4Pc, the singlet-singlet 
features decay slowly (3.0 ns) to the corresponding triplet manifold. The main spectral feature of 
the latter is a rather broad transient species, for which a maximum at 490 nm has been observed. 
 To confirm the features of the long lived triplet excited state, nanosecond-resolved 
transient absorption spectroscopy was employed. The differential absorption spectrum in THF 
shows a set of two minima, one around 350 nm and another one around 680 nm. These two 
minima are reflections of the Soret and Q band absorptions seen at 350 and 680 nm, respectively. 
In addition, the aforementioned 490 nm maximum is seen, which corresponds to a triplet–triplet 
transition. The underlying triplet character was corroborated by quenching with molecular oxygen. 
While in the absence of molecular oxygen the triplet excited state decays with rate constant of 29 
µs, the presence of molecular oxygen leads to a nearly diffusion controlled deactivation. 
 In ZnP-ZnPc and ZnPΦ-ZnPc, the presence of ZnPc impacts the reactivity of ZnP. Owing 
to the strong and dominant absorption of ZnP in ZnP-ZnPc and ZnPΦ-ZnPc, visible light excitation 
at 387 nm is expected to lead predominantly to the formation of the ZnP singlet excited state. In 
fact, this is confirmed by transient features. In particular, we note characteristic absorption changes 
in the 500 to 810 nm and in the 1000 to 1200 nm ranges. These include a net decrease of the 
absorption around 540 nm, a region that is dominated by strong ZnP ground state absorption.  
 Kinetically, Figure 70 illustrates that the ZnP S1 singlet excited state, once formed from the 
S2 singlet excited state (0.9 ps) via internal conversion, undergoes a fast decay in sharp contrast to 
the slow decay of model compound ZnTPP and transforms into new sets of maxima over the 
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course of several ps; 8.3 ps for ZnP-ZnPc and 19 ps for ZnPΦ-ZnPc. Such intrinsically fast 
deactivations reflect the transduction of singlet excited state energy. 
A 
 
B 
 
Figure 70. (A) Differential absorption spectra (visible and near-infrared) obtained upon femtosecond flash 
photolysis (387 nm) of ZnPΦ-ZnPc in argon saturated THF with time delays of 2 ps (black) and 50 ps (red) at 
room temperature. (B) Time-absorption profiles at 460 nm (black), 525 nm (grey) and 630 nm (brown), 
monotoring the S1 excited state energy transfer. 
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 Spectroscopically, new features evolve in the visible region (400 to 800 nm) and in the 
near-infrared region (800 to 1200 nm). The close resemblance with the model compound ZntBu4Pc 
singlet excited state is particularly important. Time-absorption profiles corroborate that the ZnPc 
singlet excited state is metastable (not shown). To this end, in ZnP-ZnPc and ZnPΦ-ZnPc this 
state is metastable and decays like in the model compound ZntBu4Pc to the triplet excited state. It 
is notable that excitation of ZnP-ZnPc and ZnPΦ-ZnPc at 560 nm leads to the exclusive and 
prompt formation of the ZnPc singlet excited state Figure 71. 
 
Figure 71. Differential absorption spectrum (visible and near-infrared) obtained upon femtosecond flash 
photolysis (560 nm) of ZnPΦ-ZnPc in argon saturated THF with time delays of 2 ps at room temperature. 
 
3.3.2. Photoinduced energy and electron transfer in dyads PdP-ZnPc (55) and PdQP-
ZnPc (61) 
 
 Herein, the photophysical properties of dyads PdP-ZnPc (55)  and PdQP-ZnPc (61), as 
well as their performance in acidic conditions are studied. Additionally, the photoinduced energy 
and electron transfer processes, by titration experiments of these dyads with a fullerene derivative, 
are also reported (Figure 72). 
-0.01
-0.008
-0.006
-0.004
-0.002
0
0.002
400 600 800 1000 1200
∆OD
/ a.u.
Wavelength / nm
3ZnPc* 
1ZnPc* 
Chapter 3. Donor-acceptor systems: Synthesis and photophysics of N-linked porphyrin-phthalocyanine dyads 
173 
 
 
Figure 72. Dyads PdP-ZnPc (55) and PdQP-ZnPc (61) and their references PdTPP and ZntBu4Pc. 
 
 
3.3.2.1. Electronic absorption and emission measurements 
 
Ground state absorption properties 
 The UV/Vis spectra of dyads PdP-ZnPc and PdQP-ZnPc in toluene  (Figure 73) show the 
characteristic absorption bands exhibited by the individual components (PdTPP and ZntBu4Pc), 
that are strong absorptions assigned to the porphyrin and phthalocyanine Soret and Q bands, 
respectively. However, a remarkable red-shift (ca. 24 nm) of the ZnPc Q band absorptions 
suggests in PdP-ZnPc notable electronic interactions. Similarly, the absorption spectrum of PdQP-
ZnPc shows a bathochromic shift of ca. 10 nm experienced by the Q band absorptions of the 
ZnPc, and the most outstanding observation is the appearance of two new bands at 451 and 475 
nm. 
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Figure 73. UV/Vis spectra of dyads PdP-ZnPc and PdQP-ZnPc in toluene. 
 
 
Emission Measurements 
 As already mentioned, ZntBu4Pc is a strong and long-lived fluorophore with quantum yield 
of 0.3 and lifetime of 3.0 ns. On the other hand, PdTPP fluoresces much weakly with a quantum 
yield515 of 2.0 x 10-4 and lifetime of 20 ps.516 In toluene, the fluorescence of PdTTP maximizes at 
600/700 nm, while, the strongest emitter, ZntBu4Pc, reveals a single maximum at around 680 nm. 
The low quantum yield of PdTPP reflects an enhancement of the intersystem-crossing probably 
owing to the heavy-metal effect. The fluorescence spectra of all of the aforementioned references 
are in excellent agreement with their mirror imaged absorption features.  
 When comparing the ZnPc fluorescence features in ZntBu4Pc, PdP-ZnPc and PdQP-
ZnPc, upon excitation in a range where PdP has no absorption (beyond 650 nm), notable 
differences emerge. Firstly, the fluorescence maximize at 683, 711 and 692 nm. The underlying 
red-shift coincides with the red-shifted absorption maxima.  Secondly, the quantum yields with 
values of 0.3 (ZntBu4Pc), 0.05 (PdP-ZnPc) and 0.02 (PdQP-ZnPc) infer some electronic 
interactions between the two building blocks. In contrast to the fluorescence spectrum of PdTPP, 
excitation of PdP-ZnPc in toluene into the range of Soret band absorption leads to a dominant 
emission in the 700 to 750 nm region, while lacking significant response in the 600 to 650 nm 
region, as shown in Figure 74. The 711 nm maximum matches the ZnPc centered features seen in 
ZntBu4Pc despite the nearly exclusive excitation of PdP, at 400 nm. Implicit is an efficient 
intramolecular transduction of singlet excited state energy from the photoexcited PdP to the 
covalently linked ZnPc. Likewise, exciting PdQP-ZnPc in toluene into the range of Soret band 
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absorption reveals the ZnPc fluorescence maxima at 692 nm. Besides the fact that PdTPP emits at 
700 nm, its quantum yield is quite low (2.0 x 10-4) and consequently, its contribution for the 
emission features of the dyads is assumed to be insignificant. 
 
Figure 74. Room-temperature fluorescence spectra of PdP-ZnPc (brown) and PdQP-ZnPc (green) recorded 
with toluene solutions that exhibit an optical absorption at the 400 nm excitation wavelength of 0.05. 
 
 Next, we performed transient absorption spectroscopy in toluene. For example, 420 nm 
excitation of PdTPP resulted in characteristic singlet-singlet absorptions between 430 and 650 nm. 
Additionally, a net decrease of the absorption was observed around 610 nm, a region that is 
dominated by the PdTPP ground state absorption. The net decrease in absorption infers 
consumption of PdTPP as a result of converting its singlet ground state to the corresponding 
singlet excited state. A multi-wavelength analysis of the singlet excited state absorption gives rise 
to a singlet lifetime of 10 ps. Spectral characteristics of the accordingly formed triplet excited state 
include a maximum around 840 nm.   
 Differential absorption spectra associated with ZnPctBu4 include sharp and strong minima 
between 650 and 700 nm and broad but relatively weak maxima, between 600 and 650 nm. On a 
longer time scale, nanosecond-resolved transient absorption spectroscopy, the singlet excited state 
starts to decay slowly (3.17 ns), populating the energetically lower-lying triplet excited state. 
Characteristics of the ZnPctBu4 triplet excited state that is formed with quantum yields of 0.7, in 
toluene, are maxima around 500 nm and minima around 690 nm. 
 In PdP-ZnPc, upon directing the excitation to PdP by means of choosing 420 nm as 
excitation wavelength, we register PdP singlet-singlet characteristics in the blue (450 to 500 nm) 
with an unusual lifetime of >3 ns.  In the red (600 to 740 nm) the ZnPc features develop. However, 
the ZnPc growth occurs in two steps, one is fast and instantaneous and the other one is slower and 
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concomitant with the PdP decay. For the slower component an ultrafast energy transfer is 
responsible. Finally, the correspondingly formed ZnPc singlet excited state decays with a lifetime of 
0.38 ns to yield the triplet manifold.  
 Similarly, in PdQP-ZnPc, we see the transformation (>3 ns) of the PdP singlet excited 
state features in the 480 to 540 nm range into the ZnPc singlet excited state. Once formed, the 
latter is subject to an intersystem crossing for which a lifetime of 0.48 ns is determined. 
 
3.3.2.2. Titrations with trifluoroacetic acid  
 
 The nitrogen atoms located between the porphyrin and the phthalocyanine units may act 
as “active” spacers, since they are pH sensitive groups. In this section, we report the effects of 
protonation on the photophysical properties of N-linked porphyrin-phthalocyanine dyads. Since 
zinc(II) is easily removed from the porphyrin macrocycle under acidic conditions, only the 
palladium(II) complexes PdP-ZnPc (55) and PdQP-ZnPc (61) were used in these studies.  
 Metallated phthalocyanines, owing to the four nitrogen atoms at the azomethine bridges of 
the macrocycle, exhibit basic properties. The photochemical and photophysical behaviour of 
protonated phthalocyanines have been reported.517-523 The protonation of the peripheral nitrogen 
atoms to the mono-, di- and tri-protonated forms results in splitting and a bathochromic shift of the 
Q band due to the loss of symmetry. For the tetra-protonated species the symmetry is reverted but 
the Q band is still shifted to the red. Only the mono-protonated and di-protonated forms of ZnPc 
can be obtained using trifluoroacetic acid (TFA). Further protonation to tri- or tetra-protonated 
species requires a stronger acid, such as sulfuric acid. A red-shift in the fluorescence emission is 
also observed upon protonation.517,518 
 The protonation studies were carried out by titration of toluene solutions of dyads PdP-
ZnPc or PdQP-ZnPc with TFA. Increasing concentrations of TFA were added to a fixed 
concentration of the dyad (1.0 x 10-6 M), and its behaviour was followed by detecting the spectral 
changes after each TFA addition. These spectral changes (Figure 75) evolve to splitting and red-
shift of the Q band and disappearance of the Soret band, both corresponding to ZnPc absorptions. 
No significant variations were detected for bands related to PdP absorptions. 
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Figure 75.  Absorption spectral changes observed on addition of TFA to dyad PdP-ZnPc (upper part) and 
dyad PdQP-ZnPc (lower part) in toluene (1.0 x 10-6 M). TFA concentrations increase as follows: 0.01, 0.03, 
0.06, 0.1, 0.3, 0.6, 1 and 3 mM. 
 
 By analogy with published protonation studies performed with zinc 
phthalocyanines,517,518,524 the spectral changes were assigned to protonated forms of the ZnPc and 
represent the stepwise addition of protons to the azomethine bridges of the macrocycle. We can 
verify that for PdQP-ZnPc only the first protonation could be achieved, while for PdP-ZnPc a third 
band, which corresponds to the di-protonated species, starts to emerge at 760 nm. The 
wavelengths of the Q band(s) maxima for the unprotonated and monoprotonated forms are 
depicted in Table 8. 
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Table 8. Q band shifts following protonation of PdP-ZnPc or PdQP-ZnPc (in toluene) with TFA. 
 
 Comparing the UV/Vis spectra of both dyads with the one of ZntBu4Pc (Figure 76) it is 
observed that, for the same amount of TFA added, the feature of the Q bands of PdQP-ZnPc is 
quite similar to the one of ZntBu4Pc, used as reference. On the other hand, the Q bands of PdP-
ZnPc show a completely different pattern, in which a third band can already be distinguished. 
Hence, the protonation occurs more readily in the presence of the porphyrinyl substituent, rather 
than the quinolino[2,3,4-at]porphyrinyl substituent, suggesting more prominent electronic 
interactions between the two macrocycles for dyad PdP-ZnPc. This is also supported by the 
electronic absorption measurements, that show a higher red-shift (ca. 24 nm) of the ZnPc 
absorptions for PdP-ZnPc than for PdQP-ZnPc (ca. 10 nm). Another hypothesis deduced for this 
protonation enhancement, rises from a previous protonation of the spacer prior to the nitrogen 
atoms at the azomethine bridges of the phthalocyanine macrocycle, in the case of dyad PdP-ZnPc. 
This fact can be justified since a secondary amine (spacer of dyad PdP-ZnPc) is more basic than 
an aromatic amine (spacer of dyad PdQP-ZnPc). 
 
Figure 76. UV/Vis spectra of PdP-ZnPc, PdQP-ZnPc and ZntBu4Pc in toluene at 1.0 x 10-6 M with 3 mM of 
TFA. 
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Unprotonated Monoprotonated 
PdP-ZnPc 702 (5.1) 705 (4.7), 725 (4.8) 
PdQP-ZnPc 688 (5.0) 694 (4.8), 724 (4.9) 
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 The reversibility of the process was confirmed by adding triethylamine to the acidified 
solutions. The UV/Vis spectra show the characteristic electronic absorption features of the starting 
unprotonated species in toluene. 
 Preliminary studies on the effects of protonation upon the photophysical behaviour of the 
dyads reveal quenching of the fluorescence quantum yields and significant decrease of the 
lifetimes of the excited states. The fluorescence quantum yields (ΦF) and the lifetimes (τ) for the 
unprotonated and protonated derivatives are summarized in Table 9.  
 
 
Table 9.  Photophysical data for neutral and protonated dyads PdP-ZnPc and PdQP-ZnPc. 
 
 As expected, the fluorescence maxima of the protonated species are red-shifted and, the 
fluorescence quantum yields (ΦF) and lifetimes for the protonated derivatives are lower than those 
for the corresponding unprotonated derivatives. We could also verify that the porphyrin-to-
phthalocyanine energy transfer prevails during the titration with TFA. Exclusive photoexcitation of 
the PdP did not result in increase of its fluorescence emission band. 
  
3.3.2.3. Titrations with N-(4-pyridyl)fullero[c]pyrrolidine  
 
 In photosynthesis, a cascade of very efficient, short-range energy and electron transfer 
events between well-arranged, ligth-harvesting organic donor and acceptor pigments takes place 
within the photosynthetic reaction center, leading to the overall generation of chemical energy from 
sunlight with near quantum efficiency.358,366,395,525,526 Much of the scientific effort has been devoted 
toward the preparation and study of structurally simpler systems, with the aim of reproducing some 
of the fundamental steps occurring in the complex natural photosynthesis, principally the 
photoinduced charge separation.346,527 
Dyad λem / nma ΦFb 
τ
c
 
1P* 1Pc* 
PdP-ZnPc 
Unprotonated 711 0.05 >3 ns 0.38 ns 
Protonated 728 0.002 24.7 ps 22.1 ps 
PdQP-ZnPc 
Unprotonated 690 0.02 >3 ns 0.48 ns 
Protonated 729 0.001 47.6 ps 73.8 ps 
a
 Excited at 683 or 655 nm for dyad PdP-ZnPc or PdQP-ZnPc, respectively. 
b
 Relative to ZnPc in toluene (ΦF = 0.30). c Excited at 420 nm. 
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 Phthalocyanines are ideal light-harvesting antenna systems, which present an intense 
absorption in the red/near-infrared region of the solar spectrum with high molar absorption 
coefficients and fluorescence quantum yields. These and other prominent features, render 
phthalocyanines ideal molecular components in donor-acceptor assembles, in which their role is 
dual. First, they function as antennas, since they absorb very efficiently light in the visible region of 
the solar spectrum; second, once photoexcited, they act as an electron donor for the acceptor 
moiety.359,360,370,528 
 Fullerenes, due to their unique electronic and photophysical properties, have been widely 
used as perfect molecular partners for photo- and electroactive systems. The extraordinary 
electron acceptor properties of fullerenes,367,529-537 coupled with their small reorganization energy 
and their ability for promoting ultrafast charge separation associated with very slow charge 
recombination features, have prompted the incorporation of these carbon nanostructures in a large 
number of donor-acceptor systems where photoinduced electron transfer processes355,359,360,376-378 
and solar energy conversion are sought.379-381,538 
 Herein, photophysical analysis of the donor-acceptor systems formed by supramolecular 
interactions of dyads PdP-ZnPc and PdQP-ZnPc with a fullerene derivative will be presented 
(Figure 77).  
 
Figure 77. Dyads PdP-ZnPc (55) and PdQP-ZnPc (61) and Py-C60. 
  
 We probed PdP-ZnPc and PdQP-ZnPc in the presence of variable concentrations of N-(4-
pyridyl)fullero[c]pyrrolidine (Py-C60).539,540 The absorption spectra of PdP-ZnPc or PdQP-ZnPc in 
the absence and presence of Py-C60 are virtually superimposable with the exception that the 
characteristics of Py-C60 emerge in the 300 to 450 nm range. Nevertheless, neither the features of 
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PdP nor those of ZnPc are notably shifted or perturbed. The lack of absorption changes when 
transforming PdP-ZnPc or PdQP-ZnPc into PdP-ZnPc•Py-C60 or PdQP-ZnPc•Py-C60, 
respectively, contrasts with undergoing investigations focused on comparable systems using ZnP, 
which evolves to red-shifts of the Soret band during the titration with Py-C60. Implicit is the non 
coordination of the of Py-C60 to PdP. This hypothesis was corroborated when turning to 
fluorescence spectroscopy, which revealed that the fluorescence emission of the PdTPP in the 
presence of variable concentrations of Py-C60, remains unchanged. On contrary, different features 
are noticed for PdP-ZnPc and PdQP-ZnPc, in the red part of the spectrum. Here, the ZnPc 
centered fluorescence is subject to an exponential and Py-C60 dependent quenching without, 
however, affecting the strongly quenched PdP fluorescence. This suggests a sequential rather than 
a competitive deactivation of photoexcited PdP once PdP-ZnPc•Py-C60 or PdQP-ZnPc•Py-C60 are 
formed. The gradual ZnPc fluorescence quenching converges at a value ca. 10% of the initial 
intensity, in the absence of Py-C60. In fact, the ZnPc quantum yield is 0.005 in PdP-ZnPc•Py-C60 
and 0.002 in PdQP-ZnPc•Py-C60. Out of the fluorescence titration experiments, we were able to 
calculate the binding constant between ZnPc and Py-C60 as 7.5 x 105 M-1 and 1.3 x 106 M-1 for 
PdP-ZnPc•Py-C60 and PdQP-ZnPc•Py-C60, respectively. As example, in Figure 78 is shown the 
Py-C60 concentration dependent fluorescence quenching, which does not impact the heavily 
quenched PdP fluorescence in PdQP-ZnPc. 
 
Figure 78. Room-temperature fluorescence titration spectra (434 nm) of dyad PdQP-ZnPc (1.0 x 10-6 M) with 
different concentrations of Py-C60 between 0 and 1.0 x 10-5 M, all in toluene. 
 
 The aforementioned experiments suggest a sequential deactivation of photoexcited PdP-
ZnPc•Py-C60 and PdQP-ZnPc•Py-C60, namely an initial intramolecular energy transfer from PdP to 
ZnPc followed by a second step, either an intramolecular energy or charge transfer. Focusing 
attention onto the nature of the second step of the sequence, we turned to complementary 
550 600 650 700 750 800
0
10000
20000
30000
40000
50000
60000
[Py-C60] / M
 0
 6.9E-07
 1.0E-06
 1.7E-06
 2.4E-06
 4.1E-06
 5.1E-06
 6.9E-06
 8.6E-06
 1.0E-05
In
te
n
s
ity
 
/ a
.
u
.
Wavelength / nm
Chapter 3. Donor-acceptor systems: Synthesis and photophysics of N-linked porphyrin-phthalocyanine dyads 
 
182 
 
transient absorption experiments.  Important is in this context, that during the early time regime, 1.0 
ps, the PdP singlet excited state features emerge upon 420 nm excitation of PdP-ZnPc•Py-C60 and 
PdQP-ZnPc•Py-C60, respectively. Characteristics include for PdP maxima at 496 nm and minima 
at 620 nm. These, like in PdP-ZnPc•Py-C60 and PdQP-ZnPc•Py-C60, are transformed (PdP-
ZnPc•Py-C60: >3 ns; PdQP-ZnPc•Py-C60: >3 ns) into the ZnPc singlet excited state transitions. 
The latter is the inception to what turned out to be an intramolecular charge transfer, PdP-
ZnPc•Py-C60: 16.1 ps; PdQP-ZnPc•Py-C60: 12.5 ps. This charge transfer hypothesis is 
corroborated by radical ion state pair features that include the decisive signatures of the one-
electron oxidized form of ZnPc (845 nm) and the one-electron reduced form of C60 (1010 nm) in the 
near-infrared part of the spectrum. Likewise the visible part of the spectrum provides evidence for 
the radical ion pair state formation, where the 565 nm maximum also reflects the oxidation of ZnPc. 
The PdP-(ZnPc)•+-(C60)•- and PdQP-(ZnPc)•+-(C60)•- radical ion pair states deactivate in around >3 
ns and 1.9 ns, respectively, to restore the ground state without giving rise to any charge shift 
reaction to yield (PdP)•+- ZnPc-(C60)•- and (PdQP)•+- ZnPc-(C60)•- (Figure 79).  Formation of the 
latter would be endothermic and requires a significant activation barrier. 
 
Figure 79. Transient absorption spectra of PdQP-ZnPc (1.0 x 10-6 M) upon addition of Py-C60 (1.0 x 10-5 M) 
with several time delays between 0 and 2052 ps at room temperature (420 nm), all in toluene. 
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3.4.  Conclusions 
 
 In conclusion, different types of N-linked porphyrin-phthalocyanine dyads, in which both 
macrocycles are connected either through the meso phenyl group or the β-pyrrolic position of the 
porphyrin, have been synthesised. Different synthetic approaches were followed for the preparation 
of the dyads, one of them involved palladium catalysed amination reactions and the other the 
classical statistical cross-condensation of two differently substituted phthalonitriles. 
 Photophysical studies have revealed that porphyrin-to-phthalocyanine energy transfer 
processes occur in the N-linked porphyrin-phthalocyanine dyads (ZnP-ZnPc and ZnPΦ-ZnPc), 
and the transduction of singlet excited state energy prevails regardless of linkage to the β-pyrrolic 
or the meso posititions. The individual processes, which comprise, on one hand, the ZnP 
deactivations and, on the other hand, the ZnPc sensitization, are gathered in Figure 80. 
ZnP
ZnPc
T1
S2
S2
S1
T1
S1
 
Figure 80. Energy diagram for ZnP-ZnPc and ZnPΦ-ZnPc. 
 
 Higher energy transfer efficiencies were noted for ZnP-ZnPc, evolving from excited state 
fluorescence. From fluorescence up-conversion measurements, the S2 deactivation efficiencies 
could be determined for ZnP-ZnPc and ZnPΦ-ZnPc. While, the S1 deactivation efficiencies were 
determined by transient absorption measurements, and were found to be higher in ZnP-ZnPc 
(nearly twice) than in ZnPΦ-ZnPc. However, in terms of overall ZnPc fluorescence, ZnPΦ-ZnPc is 
more efficient to sensitize than ZnP-ZnPc, this fact is rationalized on red-shifted ZnPc features in 
ZnP-ZnPc. The latter reduces the spectral overlap between the ZnP fluorescence and the ZnPc 
absorption. 
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 The performance of dyads PdP-ZnPc and PdQP-ZnPc in acidic conditions was studied. 
The addition of trifluoroacetic acid to toluene solutions of PdP-ZnPc or PdQP-ZnPc gave rise to 
distinct species that could be detected by UV/Vis absorption spectroscopy. A reduction in the 
photoactivity of the dyads was observed as the concentration of protons increased. 
 The photoinduced energy and electron transfer processes in supramolecular systems 
formed by coordination of the porphyrin-phthalocyanine conjugates PdP-ZnPc and PdQP-ZnPc 
with N-(4-pyridyl)fullero[c]pyrrolidine were studied. Photophysical measurements suggest a 
sequential deactivation of the photoexcited PdP-ZnPc•Py-C60 and PdQP-ZnPc•Py-C60, namely an 
initial intramolecular energy transfer from PdP to ZnPc followed by an intramolecular charge 
transfer to yield PdP-(ZnPc)•+-(C60)•- and PdQP-(ZnPc)•+-(C60)•-, respectively (Figure 81). 
 
Figure 81. Photoinduced energy and electron transfer processes in PdP-ZnPc•Py-C60. 
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3.5. Experimental procedures 
 
3.5.1. General considerations 
 
 Column chromatography was carried out with silica gel (Merck, 230-400 mesh). 
Preparative thin-layer chromatography was carried out on 20x20 cm glass plates coated with silica 
gel (1 mm thick, Merck). Analytical TLC was carried out on precoated sheets with silica gel or silica 
gel type 60 F254 (0.2 mm thick, Merck).  
 1H NMR spectra were recorded with a Bruker Avance 300 spectrometer at 300.13 MHz 
and with a Bruker DRX 500 spectrometer at 500.13 MHz (stated otherwise). Deuterated solvents 
used are indicated in brackets and tetramethylsilane (TMS) was used as internal reference. The 
chemical shifts (δ) are expressed in ppm and the coupling constants (J) in Hz. 
 FAB and EI mass spectra were recorded with VG AutoSpec Q and M mass spectrometers 
(Waters). MALDI-TOF mass spectra were determined with a Bruker Reflex III spectrometer. The 
matrix used is stated in brackets. 
 The UV/Vis spectra were recorded with a Uvikon spectrophotometer. In brackets is 
expressed the logarithm of the molar absorption coefficient (Lmol-1cm-1). 
 Melting points were measured with a Büchi B-540 apparatus fitted with a microscope and 
are uncorrected.  
 Starting reagents are commercially available and were used without further purification. 
Compounds previously reported in the literature were characterised by comparing their UV/Vis, 1H 
NMR and mass spectra to published data. 
 Steady-state emission spectra were recorded on a FluoroMax 3 fluorometer and 
fluorescence lifetimes were measured by using a Fluorolog. Both spectrometers were built by 
HORIBA Jobin Yvon. Femtosecond transient absorption studies were performed with 387, 420, 560 
and 660 nm laser pulses (1 kHz, 150 fs pulse width) from an amplified Ti:Sapphire laser system 
(Clark-MXR, Inc). Excited-state lifetime measurements in shorter time scales were performed using 
fluorescence up-conversion (FU). Excitation was achieved at 415 nm with the frequency-doubled 
output of a Kerr lens modelocked Ti:Sapphire laser (Tsunami, Spectra-Physics). The output pulses 
centered at 830 nm had a duration of 100 fs and a repetition rate of 82 MHz. The polarization of the 
pump beam was at magic angle relative to that of the gate pulses at 830 nm except for 
fluorescence anisotropy measurements. Experiments were carried out in a 0.4 mm rotating cell. 
The fwhm of the IRF was ca. 210 fs. The measurements were carried out at room temperature. All 
solvents used were spectroscopic grade and were purchased from Sigma-Aldrich. 
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3.5.2. Synthetic procedures 
 
3.5.2.1. Synthesis of the porphyrin precursors 
 
(2-Nitro-5,10,15,20-tetraphenylporphyrinato)copper(II) (39) 
To a solution of TPP (500 mg, 813 µmol) in CHCl3 (500 mL), 10 mL acetic 
acid, 50 mL acetic anhydride and copper(II) nitrate trihydrate (500 mg, 2.07 
mmol, 2.5 equiv) were added. The mixture was stirred at 60 ºC and after 
complete conversion of the starting porphyrin (about 21 h) the solvents 
were removed under diminished pressure. The crude was dissolved in 
CH2Cl2, neutralized with an aqueous NaHCO3 solution and the organic 
layer was washed with water and dried (Na2SO4). Then, the mixture was concentrated and 
submitted to column chromatography (silica gel) using a 2:1 mixture of light petroleum/CH2Cl2 as 
the eluent. The desired CuTPPNO2 39 was obtained in 62% yield (362 mg) after crystallisation 
from CH2Cl2/MeOH. MS (FAB+): m/z calcd for C44H28N5O2Cu [M+H]+: 721, found: 721. 
 
2-Nitro-5,10,15,20-tetraphenylporphyrin (40) 
Concentrated H2SO4 (3.8 mL) was added dropwise to a vigorously stirred 
solution of CuTPPNO2 39 (120 mg, 166 µmol) in CH2Cl2 (38 mL) at room 
temperature. After about 2-3 min, the reaction mixture was neutralized with 
diluted aqueous NaHCO3, washed with water, and the organic layer dried 
(Na2SO4). H2TPPNO2 40 was obtained in 95% yield (105 mg), after 
crystallisation from CH2Cl2/light petroleum. 1H NMR (300.13 MHz, CDCl3): 
δ -2.63 (s, 2 H, NH), 7.69-7.82 (m, 12 H, Ph-m,p-H), 8.18-8.27 (m, 8 H, Ph-o-H), 8.72 (s, 2 H, 
12,13-H), 8.88-9.03 (m, 4 H, 7,8,17,18-H), 9.05 (s, 1 H, 3-H) ppm. MS (FAB+): m/z calcd for 
C44H30N5O2 [M+H]+: 660, found: 660. 
 
(2-Nitro-5,10,15,20-tetraphenylporphyrinato)nickel(II) (41) 
A solution of H2TPPNO2 40 (315 mg, 477 µmol) in 2:1 CHCl3-MeOH (70 
mL) was stirred with nickel(II) acetate tetrahydrate (144 mg, 579 µmol, 1.2 
equiv) at 61 ºC. Further portions of nickel(II) acetate tetrahydrate were 
added to the reaction mixture in a period of about 51 h, until the TLC 
confirmed the full conversion of the starting material to the desired 
complex. The solvents were then removed under diminished pressure, the 
residue was dissolved in CH2Cl2, washed with water and the organic layer was dried (Na2SO4). 
NiTPPNO2 41 was obtained in 83% yield (283 mg) after crystallisation from CH2Cl2/MeOH. 1H NMR 
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(300.13 MHz, CDCl3): δ 7.61-7.71 (m, 12 H, Ph-m,p-H), 7.97-7.98 (m, 8 H, Ph-o-H), 8.62-8.73 (m, 
6 H, 7,8,12,13,17,18-H), 8.98 (s, 1 H, 3-H) ppm.  MS (FAB+): m/z calcd for C44H28N5O2Ni [M+H]+: 
716, found: 716. 
 
(2-Amino-5,10,15,20-tetraphenylporphyrinato)nickel(II) (42)403,415 
Tin powder (1.4 g) and concentrated HCl (5 mL) were added to a solution 
of NiTPPNO2 41 (85.4 mg, 119 µmol) in CHCl3 (10 mL). The reaction 
mixture was stirred vigorously in a closed flask for 1 h. The mixture was 
then filtered through a short plug of Celite®, neutralized with NaHCO3 and 
the organic layer was diluted with CH2Cl2, washed with water, dried 
(Na2SO4) and concentrated. The desired compound was purified by 
column chromatography (silica gel) using a 3:2 mixture of CHCl3/light petroleum as the eluent. 
NiTPPNH2 42 was crystallized from CH2Cl2/light petroleum affording purple crystals (60.1 mg, 
74%). UV/Vis (CHCl3): λmax (log ε) = 412 (5.0), 542 (3.8), 585 (3.6) nm. 1H NMR (300.13 MHz, 
CDCl3): δ = 7.61-7.71 (m, 14 H, Ph-m,p-H and NH2), 7.97-8.01 (m, 8 H, Ph-o-H), 8.62-8.73 (m, 6 H, 
7,8,12,13,17,18-H), 8.99 (s, 1 H, 3-H) ppm. MS (FAB+): m/z calcd for C44H29N5Ni [M]+.: 685, found: 
685. 
 
5-(4-Nitrophenyl)-10,15,20-triphenylporphyrin (43) 
To a well-stirred solution of TPP (264 mg, 429 µmol) in 7 mL of CHCl3 
at 0-5 ºC was added concentrated nitric acid 65% (2.5 mL). The 
mixture was maintained under stirring at room temperature for 8 hours. 
Then, the reaction mixture was neutralized with an aqueous NaOH 
solution and the organic layer was diluted with CHCl3, washed with 
water and dried (Na2SO4). H2TPP-p-NO2 43 was obtained in 61% yield 
(174 mg) after crystallisation from CH2Cl2/light petroleum. 1H NMR (300.13 MHz, CDCl3): δ -2.79 
(s, 2 H, NH), 7.74-7.80 (m, 9 H, Ph-10,15,20-m,p-H), 8.20-8.22 (m, 6 H, Ph-10,15,20-o-H), 8.41 (d, 
J 8.6 Hz, 2 H, Ph-5-o-H), 8.64 (d, J 8.6 Hz, 2 H, Ph-5-m-H), 8.74 (d, J 4.9 Hz, 2 H, β-H), 8.86-8.90 
(m, 6 H, β-H) ppm. MS (FAB+): m/z calcd for C44H30N5O2 [M+H]+: 660, found: 660. 
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5-(4-Aminophenyl)-10,15,20-triphenylporphyrin (44) 
To a well-stirred solution of H2TPP-p-NO2 43 (174 mg, 264 µmol) in 
concentrated hydrochloric acid (5.6 mL), tin(II) chloride dihydrate (210 
mg, 930 µmol, 4 equiv) was carefully added at room temperature. The 
mixture was heated at 65 ºC for 5 h under inert atmosphere. Upon 
cooling the reaction mixture solution was neutralized with an aqueous 
NaOH solution, extracted with CH2Cl2, washed with water and the 
organic phase dried (Na2SO4). The mixture was concentrated and the residue was purified by silica 
gel column chromatography using a 2:1 mixture of CH2Cl2/light petroleum as the eluent. H2TPP-p-
NH2 44  was obtained in 67% yield (111 mg) after crystallisation from CH2Cl2/light petroleum. 1H 
NMR (300.13 MHz, CDCl3): δ = -2.77 (s, 2 H, NH), 4.05 (s, 2 H, NH2), 7.08 (d, J 8.3 Hz, 2 H, Ph-5-
m-H), 7.73-7.77 (m, 9 H, Ph-10,15,20-m,p-H), 8.00 (d, J 8.3 Hz, 2 H, Ph-5-o-H), 8.20-8.23 (m, 6 H, 
Ph-10,15,20-o-H), 8.83-8.84 (m, 6 H, β-H), 8.94 (d, J 4.8 Hz, 2 H, β-H) ppm. MS (FAB+): m/z calcd 
for C44H32N5 [M+H]+: 630, found: 630. 
 
[5-(4-Aminophenyl)-10,15,20-triphenylporphyrinato]zinc(II) (45)421,423 
A solution H2TPP-p-NH2 44   (111 mg, 176 µmol) in a 2:1 CHCl3-MeOH 
(27 mL) was stirred with an excess of zinc(II) acetate dihydrate (79.0 
mg, 360 µmol, 2 equiv) at 65 ºC. After 20 min, the reaction mixture was 
washed with water, the organic layer dried (Na2SO4) and the solvent 
was removed under diminished pressure. ZnTPP-p-NH2 45 was 
obtained in 93% yield (113 mg) after crystallisation from CH2Cl2/light 
petroleum. UV/Vis (THF): λmax (log ε) = 425 (5.4), 558 (4.1), 599 (3.8) nm. 
 
2-Bromo-5,10,15,20-tetraphenylporphyrin (46)431 
N-bromosuccinimide (NBS, 51.8 mg, 291 µmol, 1.8 equiv) was added to a 
well-stirred solution of TPP (100 mg, 163 µmol) in CHCl3 (25 mL) at room 
temperature. After 5 h,  the reaction mixture was neutralized with an 
aqueous NaHCO3 solution and the organic layer was washed with water, 
dried (Na2SO4) and concentrated. By silica gel column chromatography 
using a 3:1 mixture of light petroleum/CH2Cl2 as the eluent, three fractions 
were isolated. From 1H NMR and mass spectra, the first fraction was identified as a regioisomeric 
mixture of dibromoTPP, the second fraction as the desired 2-bromoTPP 46 and the third one as a 
2,3,12-tribromoTPP. H2TPPBr 46 was crystallized from CH2Cl2/light petroleum and it was obtained 
in 31% yield (35.0 mg). 1H NMR (300.13 MHz, CDCl3): δ -2.86 (s, 2 H, NH), 7.70-7.81 (m, 12 H, 
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Ph-m,p-H), 8.07-8.10 (m, 2 H, Ph-20-o-H), 8.17-8.22 (m, 6 H, Ph-5,10,15-o-H), 8.76 (s, 2 H, 12,13-
H), 8.81-8.92 (m, 5 H, β-H) ppm. MS (FAB+): m/z calcd for C44H29N4Br [M]+.: 693, found: 693. 
 
(2-Bromo-5,10,15,20-tetraphenylporphyrinato)zinc(II) (47) 
A solution of H2TPPBr 46 (21.8 mg, 31.4 µmol) in 2:1 CHCl3-MeOH (1.5 
mL) was stirred with zinc(II) acetate dihydrate (8.3 mg, 37.8 µmol, 1.2 
equiv) at 65 ºC. After about 20 min, the TLC confirmed the full conversion 
of the starting material to the desired complex. The solvents were removed 
under diminished pressure, the residue was dissolved in CH2Cl2, washed 
with water and the organic layer dried (Na2SO4). The expected ZnTPPBr 
47 was obtained in 96% yield (22.8 mg) after crystallisation from CH2Cl2/light petroleum. 
 
3.5.2.2. Synthesis of the phthalocyanine precursors 
 
4-Aminophthalonitrile (48)443 
4-Nitrophthalonitrile (5.05 g, 29.2 mmol) was added to a stirred mixture of MeOH 
(113 mL) and concentrated HCl (24 mL) at room temperature. Then, the mixture 
was heated at 90-100 ºC, and after complete dissolution of the 4-
nitrophthalonitrile, iron powder (5.53 g, 99.0 mmol, 3 equiv) was added in small 
portions for about 1 h. After being refluxed for 1 h, the reaction was cooled to 
room temperature and added to ice. The yellowish solid was filtered, washed with water and dried 
under diminished pressure. The solid was dissolved in hot MeOH and filtrated through a filter 
paper. 4-Aminophthalonitre 48 was obtained in 83% yield (3.47 g) as a white solid. 1H NMR 
(300.13 MHz, DMSO-d6): δ 6.73 (s, 2H, NH2), 6.88 (dd, J 2.3 and 8.7 Hz, 1H, 5-H), 7.03 (d, J 2.3 
Hz, 1H, 3-H), 7.65 (d, J 8.7 Hz, 1H, 6-H) ppm. 
 
4-Iodophthalonitrile (49)444 
A solution of sodium nitrite (NaNO2, 1.95 g, 28.3 mmol) in water (7 mL) was added to 
a suspension of 4-aminophthalonitrile (3.47 g, 24.2 mmol) in sulfuric acid (2.5 M, 49 
mL) at 0 ºC. The mixture was stirred at 0 ºC for 30 min. Then, the reaction was 
added to a previously cooled solution of potassium iodide (KI, 4.50 g, 27.1 mmol) in 
water (28 mL), and stirred at room temperature for 45 min. The resulting brown solid 
was filtered, washed with water and dried under diminished pressure. The solid was dissolved in 
CHCl3, washed with a saturated solution of sodium thiosulfate (Na2S2O3) and water and the organic 
layer was dried (Na2SO4) and concentrated.  After being purified by silica gel column 
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chromatography using CHCl3 as the eluent, 4-iodophthalonitrile 49 was obtained in 57% yield (3.52 
g) as a white solid. 1H NMR (300.13 MHz, DMSO-d6): δ 7.87 (d, J 8.1 Hz, 1 H, 6-H), 8.34 (dd, J 1.6 
and 8.1 Hz, 1 H, 5-H), 8.61 (d, J 1.6 Hz, 1 H, 3-H) ppm. 
 
[2,9(10),16(17)-Tri-tert-butyl-23(24)-nitrophthalocyaninato]zinc(II) (35) See Chapter 2 
 
[2-Amino-9(10),16(17),23(24)-tri-tert-butylphthalocyaninato]zinc(II) (36) See Chapter 2 
 
[2,9(10),16(17)-Tri-tert-butyl-23(24)-iodophthalocyaninato]zinc(II) (50)445 
A mixture of 4-tert-butylphthalonitrile (1.10 g, 5.97 mmol, 6 equiv) and 4-
iodophthalonitrile (250 mg, 984 µmol) was refluxed in DMAE (4.0 mL) 
under argon for 17 h in the presence of ZnCl2 (274 mg, 2.01 mmol, 2 
equiv). After being cooled to room temperature, the reaction mixture was 
precipitated with 3:1 MeOH-water, the solid was filtered, washed with 
water and MeOH and dried under diminished pressure. The desired tri-
tert-butyliodophthalocyaninatozinc(II) (50) was separated from tetra-tert-
butylphthalocyaninatozinc(II) (ZntBu4Pc), di-tert-butyl-diiodophthalocyaninatozinc(II), and tert-butyl-
triiodophthalocyaninatozinc(II) by column chromatography, using a 4:1 mixture of hexane/dioxane 
as the eluent. Phthalocyanine 50 was obtained in 33% yield (28.3 mg) after being washed with 
MeOH. M.p. > 300 ºC. UV/Vis (CHCl3): λmax (log ε) = 351 (4.9), 612 (4.5), 679 (5.3) nm. 1H NMR 
(300.13 MHz, CDCl3): δ 1.42-1.72 [m, 27 H, C(CH3)3], 6.51-8.72 (m, 12 H, Ar-H) ppm.  HRMS 
(MALDI-TOF, Dithranol): m/z calcd for C44H39N8ZnI [M]+.: 870.1628, found: 870.1625. 
 
3.5.2.3. Synthesis of the porphyrin-phthalocyanine precursors 
 
[2-(3,4-Dicyanophenylamino)-5,10,15,20-tetraphenylporphyrinato]nickel(II) (51) 
A mixture of 4-iodophthalonitrile (44.7 mg, 176 µmol, 4.7 equiv), 
palladium(II) acetate (8.8 mg, 39.2 µmol, 1 equiv), rac-BINAP (23.9 
mg, 38.4 µmol, 1 equiv) and potassium tert-butoxide (19.2 mg, 171 
µmol, 4.6 equiv) was added to a solution of NiTPPNH2 42 (25.7 mg, 
37.4 µmol) in toluene (2 mL). The reaction mixture was heated at 100 
ºC for 21 h under nitrogen atmosphere and the evolution of the 
reaction was monitored by TLC. After being cooled to room temperature, the mixture was filtered 
through a short plug of Celite® and the solvent was removed under diminished pressure. The 
residue was dissolved in CH2Cl2, washed with water and the organic layer was dried (Na2SO4). 
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Then, the organic phase was concentrated and submitted to column chromatography (silica gel) 
using a 5:4 mixture of CH2Cl2/light petroleum as the eluent and two fractions were obtained. The 
first fraction was the starting porphyrin 42 (3.0 mg, 12%) and the second one was the expected 4-
(porphyrinylamino)phthalonitrile 51, which was obtained in 64% yield (17.2 mg) after crystallisation 
from CH2Cl2/light petroleum. M.p. > 300 ºC. UV/Vis (CHCl3): λmax (log ε) = 422 (4.9), 538 (3.9), 570 
(3.7) nm. 1H NMR (300.13 MHz, CDCl3): δ 6.42 (s, 1 H, NH), 6.94 (dd, J 2.4 and 8.7 Hz, 1 H, 6’-H), 
6.98 (d, J 2.4 Hz, 1 H, 2’-H), 7.51 (d, J 8.7 Hz, 1 H, 5’-H), 7.64-7.73 (m, 12 H, Ph-m,p-H), 7.88-7.91 
(m, 2 H, Ph-20-o-H), 7.96-8.00 (m, 6 H, Ph-5,10,15-o-H), 8.44 (s, 1 H, 3-H), 8.60 (d, J 5.0 Hz, 1 H, 
β-H), 8.67-8.74 (m, 5 H, β-H) ppm. HRMS (MALDI-TOF, Dithranol) m/z calcd for C52H31N7Ni 
[M]+.:811.1989, found: 811.1981. 
 
[2-(3,4-Dicyanophenylamino)-5,10,15,20-tetraphenylporphyrinato]zinc(II) (56) 
A mixture of 4-aminophthalonitrile (39.4 mg, 155 µmol, 4.7 equiv), 
palladium(II) acetate (7.4 mg, 33.1 µmol, 1 equiv), rac-BINAP (20.8 
mg, 33.4 µmol, 1 equiv), and potassium tert-butoxide (21.4 mg, 191 
µmol, 5.8 equiv) was added to a solution of ZnTPPBr 47 (25.0 mg, 
33.0 µmol) in toluene (2 mL). The reaction mixture was heated at 100 
ºC for 21 h under nitrogen atmosphere and monitored by TLC. After 
being cooled to room temperature, the mixture was filtered through a short plug of Celite® and the 
solvent was removed under reduced pressure. The residue was dissolved in CH2Cl2, washed with 
water and the organic layer was dried (Na2SO4). Then, the mixture was concentrated and 
submitted to column chromatography (silica gel) using a 2:1 mixture of CH2Cl2/light petroleum as 
the eluent, two fractions were obtained. The first fraction was the starting porphyrin 47 (4.5 mg, 
18%) and the second one was the expected 4-(porphyrinylamino)phthalonitrile 56, which was 
obtained in 61% yield (13.5 mg) after crystallisation from CH2Cl2/light petroleum. M. p. > 300 ºC. 
UV/Vis (CH2Cl2): λmax (log ε) = 428 (4.9), 558 (4.1), 584 (3.6) nm. 1H NMR (300.13 MHz, CDCl3): δ 
6.72 (s, 1 H, NH), 7.07 (dd, J 2.4 and 8.7 Hz, 1 H, 6’-H), 7.21 (d, J 2.4 Hz, 1 H, 2’-H), 7.58 (d, J 8.7 
Hz, 1 H, 5’-H), 7.72-7.94 (m, 12 H, Ph-m,p-H), 8.15-8.24 (m, 8 H, Ph-o-H), 8.65 (s, 1 H, 3-H), 8.70 
(d, J 4.7 Hz, 1 H, β-H), 8.90-8.97 (m, 5 H, β-H) ppm. MS (FAB+) m/z calcd for C52H31N7Zn [M]+.: 
817, found: 817. 
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2-(3,4-Dicyanophenylamino)-5,10,15,20-tetraphenylporphyrin (57) 
Concentrated H2SO4 (2.2 mL) was added dropwise to a vigorously 
stirred solution of NiTPP-Pn 51 (79.4 mg, 97.7 µmol) in CH2Cl2 (22 
mL) at room temperature. After about 2-3 min, the reaction was 
neutralized with dilute aqueous NaHCO3, washed with water, 
extracted with CH2Cl2, and dried (Na2SO4). The free-base porphyrin 
57 was obtained as a dark solid (58.7 mg, 80% yield) after 
crystallisation from CH2Cl2/light petroleum. M. p. > 300ºC. UV/Vis (Toluene): λmax (log ε) = 415 
(4.9), 524 (4.1), 559 (3.6), 597 (3.6), 652 (2.8) nm. 1H NMR (300.13 MHz, CDCl3): -2.76 (s, 2 H, 
NH), 6.66 (s, 1 H, NH-Pn), 7.02 (dd, J  2.4 and 8.7 Hz, 1 H, 6’-H), 7.15 (d, J 2.4 Hz, 1 H, 2’-H), 7.56 
(d, J  8.7 Hz, 1 H, 5’-H), 7.73-7.94 (m, 12 H, Ph-m,p-H), 8.15-8.23 (m, 8 H, Ph-o-H), 8.44 (s, 1 H, 3-
H), 8.67 (d, J 4.9 Hz, 1 H, 17-H), 8.76 (s, 2 H, β-H), 8.85-8.88 (m, 2 H, β-H), 8.91 (d, J 4.9 Hz, 1 H, 
18-H) ppm. HRMS (MALDI-TOF, Dithranol): m/z calcd for C52H33N7 [M]+.: 755.2792, found: 
755.2792. 
 
N-(3,4-Dicyanophenyl)-5,10,15-triphenylquinolino[2,3,4-at]porphyrin (58) 
A solution of H2Por-Pn 57 (24.7 mg, 32.7 µmol) in nitrobenzene (2.5 
mL) was heated at reflux for 12 days, until the TLC of the reaction 
mixture showed total conversion of the initial compound. The crude 
mixture was purified by flash chromatography (silica gel) using first, 
light petroleum as eluent to remove the nitrobenzene, and then 
toluene to elute the main fraction. The desired compound 58 was 
obtained in 50% yield (12.4 mg, dark solid) after crystallisation from CH2Cl2/light petroleum. M. p. > 
300 ºC. UV/Vis (Toluene): λmax (log ε) = 417 (4.8), 445 (4.8), 546 (2.8), 586 (3.1), 609 (2.8), 663 
(2.9) nm. 1H NMR (500.13 MHz, CDCl3): δ -1.62 (s, 2 H, NH), 7.46 (dd, J 1.2 and 7.2 Hz, 1 H, 2’-
H), 7.71-7.81 (m, 11  H, Ph-5,10,15-m,p-H, 4-H, 3’-H), 7.76 (s, 1 H, 3-H), 7.86-7.89 (m, 1 H, 4’-H), 
8.09-8.27 (3 m, 6 H, Ph-5,10,15-o-H), 8.30 (d, J 8.2 Hz, 1 H, 5’’-H), 8.41 (dd, J 2.1 and 8.2 Hz, 1 H, 
6’’-H), 8.44 (d, J 2.1 Hz, 1 H, 2’’-H), 8.65 (d, J 4.6 Hz, 1 H, 12-H or 13-H) 8.72 (d, J 4.6 Hz, 1 H, 12-
H or 13-H), 8.74 (d, J 4.9 Hz, 1 H, 7-H or 8-H), 8.82 (d, J 4.9 Hz, 1 H, 7-H or 8-H), 8.89 (d, J 4.7 
Hz, 1 H, 17-H), 9.63 (dd, J 1.2 and 8.1 Hz, 1 H, 5’-H), 9.71 (d, J 4.7 Hz, 1 H, 18-H) ppm. HRMS 
(MALDI-TOF, Dithranol): m/z calcd for C52H31N7 [M]+.: 753.2636, found: 753.2637. 
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{5-[4-(3,4-Dicyanophenylamino)phenyl]-10,15,20-triphenylporphyrinato}zinc(II) (62) 
   A mixture of 4-iodophthalonitrile (42.2 mg, 166 µmol, 4.6 
equiv), palladium(II) acetate (8.2 mg, 36.4 µmol, 1 equiv), rac-
BINAP (22.8 mg, 36.6 µmol, 1 equiv), and potassium tert-
butoxide (21.4 mg, 191 µmol, 5.3 equiv) was added to a 
solution of ZnTPP-p-NH2 45  (25.0 mg, 36.1 µmol) in toluene (1 
mL). The reaction mixture was heated at 100 ºC for 28 h under 
nitrogen atmosphere and the evolution of the reaction was monitored by TLC. After the full 
conversion of the starting material, the reaction was cooled to room temperature and then filtered 
through a short plug of Celite®. The solvent was removed under diminished pressure, the residue 
was dissolved in CH2Cl2, washed with water and the organic layer was dried (Na2SO4). After 
purification by preparative thin-layer chromatography (CHCl3 as the eluent) and crystallisation from 
CH2Cl2/light petroleum, the expected compound 62 was obtained in 19% yield (5.6 mg, dark solid). 
M. p. > 300 ºC. UV/Vis (CHCl3): λmax (log ε) = 425 (5.4), 554 (4.1), 595 (3.7) nm. 1H NMR (300.13 
MHz, CDCl3): δ  6.64 (s, 1 H, NH), 7.44 (dd, J 2.5 and 8.7 Hz, 1 H, 6’-H), 7.56 (d, J 2.5 Hz, 1 H, 2’-
H), 7.57 (d, J 8.7 Hz, 1 H, 5’-H), 7.72 (d, J 5.1 Hz, 2 H, Ph-5-m-H), 7.74-7.80 (m, 9 H, Ph-10,15,20-
m,p-H), 8.22-8.24 (m, 6 H, Ph-10,15,20-o-H), 8.27 (d, J 5.1 Hz, 2 H, Ph-5-o-H),  8.96-9.00 (m, 8 H, 
β-H) ppm. HRMS (MALDI-TOF, Dithranol): m/z calcd for C52H31N7 Zn [M]+.: 817.1927, found: 
817.1936. 
 
3.5.2.4. Synthesis of porphyrin-phthalocyanine dyads 
 
General procedure for the synthesis of dyads 52, 59 and 63 by statistical condensation 
method: 
 A mixture of the 4-(porphyrinylamino)phthalonitrile precursor, 4-tert-butylphthalonitrile (12 
equiv) and ZnCl2 (6 equiv) was stirred in DMAE and refluxed overnight under inert atmosphere. 
After being cooled to room temperature, the reaction mixture was precipitated with 3:1 MeOH-
water, the solid was filtered, washed with water and MeOH and dried under diminished pressure. 
The desired dyad was separated from the symmetrical phthalocyanine (tBu4ZnPc) by flash 
chromatography (silica gel). The solvents were removed under diminished pressure and the 
residue was washed with MeOH. 
NiP-ZnPc (52) 
 According to the general procedure, 4-(porphyrinylamino)phthalonitrile 51 (24.7 mg, 30.4 
µmol) and 4-tert-butylphthalonitrile (67.3 mg, 365 µmol) were refluxed in DMAE (1.6 mL) in the 
presence of ZnCl2 (17.0 mg, 125 µmol). The desired dyad 52 was isolated in 37% yield (16.1 mg) 
as a dark solid) after being purified by flash chromatography (silica gel) using a 3:1 mixture of 
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hexane/THF as the eluent. A minor fraction identified by HRMS (MALDI-TOF) as a (NiP)2-ZnPc 
triad was also isolated. Triad (NiP)2-ZnPc: HRMS (MALDI-TOF, Dithranol): m/z calcd for 
C128H86N18Ni2Zn [M]+.: 2054.5276, found: 2054.5317. 
ZnQP-ZnPc (59) 
 According to the general procedure, 4-(porphyrinylamino)phthalonitrile 58 (13.1 mg, 17.4 
µmol) and 4-tert-butylphthalonitrile (40.4 mg, 219 µmol) were refluxed in DMAE (1 mL) in the 
presence of ZnCl2 (25.1 mg, 184 µmol). The desired dyad 59 was isolated in 38% yield (9.4 mg, 
dark solid) after being purified by flash chromatography (silica gel) using a 3:1 mixture of 
hexane/THF as the eluent. A minor fraction, identified by HRMS (MALDI-TOF) as a triad (ZnQP)2-
ZnPc, was also isolated. Triad (ZnQP)2-ZnPc: UV/Vis (toluene): λmax (log ε) =346 (4.6), 411 (4.7), 
461 (5.0), 571 (4.0), 614 (4.4), 649 (4.6), 683 (4.8) nm. HRMS (MALDI-TOF): m/z calcd for 
C128H82N18Zn3 [M]+.: 2062.4839, found: 2062.4863.  
ZnPΦ-ZnPc (63) 
 According to the general procedure, 4-(porphyrinylamino)phthalonitrile 62 (19.9 mg, 24.3 
µmol) and 4-tert-butylphthalonitrile (54.4 mg, 295 µmol) were refluxed in DMAE (1.6 mL) in the 
presence of ZnCl2 (19.0 mg, 139 µmol). The desired dyad 63 was isolated in 17% yield (5.8 mg, 
dark solid) after being purified by flash chromatography (silica gel) using a 2:1 mixture of light 
petroleum/THF as the eluent.  
 
General procedure for the synthesis of dyads 52, 54 and 63 by Buchwald-Hartwig coupling: 
 A mixture of Zn(II) phthalocyanine (1.5 equiv), palladium(II) acetate (1 equiv), rac-BINAP (1 
equiv) and potassium tert-butoxide (4.6 equiv) was added to a solution of porphyrin in toluene and 
the mixture was refluxed under argon for 24 h. Then, the reaction was cooled to room temperature 
and filtered through a short plug of Celite®. The mixture was precipitated with 3:1 MeOH-water, 
filtered, washed with water and MeOH and dried under diminished pressure. The resulting crude 
mixture was purified by flash chromatography (silica gel). The solvents were evaporated and the 
residue was washed with MeOH. 
NiP-ZnPc (52) 
 According to the general procedure, tri-tert-butyliodophthalocyaninatozinc(II) 50 (49.7 mg, 
57.0 µmol) was coupled to NiTPPNH2 42 (28.5 mg, 41.5 µmol) using palladium(II) acetate (8.5 mg, 
37.9 µmol), rac-BINAP (23.8 mg, 38.2 µmol) and potassium tert-butoxide (18.7 mg, 167 µmol) in 
toluene (2 mL). The crude mixture was purified by flash chromatography (silica gel) using a 3:1 
mixture of hexane/THF as the eluent. The desired dyad 52 was obtained in 84% yield (49.8 mg) as 
a dark solid. 
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ZnP-ZnPc (54) 
 According to the general procedure, amino-tri-tert-butylphthalocyaninatozinc(II) 50 (37.7 
mg, 49.5 µmol) was coupled to ZnTPPBr 47 (25.6 mg, 33.8 µmol) using palladium(II) acetate (6.9 
mg, 30.8 µmol), rac-BINAP (20.6 mg, 33.1 µmol) and potassium tert-butoxide (17.4 mg, 155 µmol) 
in toluene (2 mL). The crude mixture was purified by flash chromatography (silica gel) using a 3:1 
mixture of hexane/THF as the eluent. The fractions collected were the starting porphyrin 47 (4.4 
mg, 17%) and the expected dyad 54 (9.1 mg, 30% yield). 
ZnPΦ-ZnPc (63) 
 According to the general procedure, tri-tert-butyliodophthalocyaninatozinc(II) 50 (46.9 mg, 
53.8 µmol) was coupled to ZnTPP-p-NH2 45 (26.8 mg, 38.7 µmol) using palladium(II) acetate (9.5 
mg, 42.3 µmol), rac-BINAP (25.2 mg, 40.5 µmol) and potassium tert-butoxide (23.0 mg, 205 µmol) 
in toluene (2 mL). The crude mixture was purified by flash chromatography (silica gel) using a 3:1 
mixture of hexane/THF as the eluent. The desired dyad 63 was obtained in 60% yield (33.5 mg) as 
a dark solid. 
 
General procedure for the demetallation of dyads: 
 Concentrated H2SO4 (10%) was added dropwise to a vigorously stirred solution of a dyad 
in CH2Cl2 at room temperature. After about 2-3 min, the reaction mixture was neutralized with dilute 
aqueous NaHCO3, washed with water, extracted with CH2Cl2 and dried (Na2SO4). 
H2P-PcZn (53) 
 According to the general procedure, dyad NiP-ZnPc 52 (20.0 mg, 14.0 µmol) in CH2Cl2 (3.2 
mL) was treated with concentrated H2SO4 (0.3 mL) to yield dyad 53 (with the porphyrin unit as a 
free-base) in 96% (18.5 mg) as a dark solid. 
H2QP-ZnPc (60) 
 According to the general procedure, dyad ZnQP-ZnPc 59 (28.0 mg, 19.5 µmol) in CH2Cl2 
(4.5 mL) was treated with concentrated H2SO4 (0.45 mL) to yield dyad 60 (with the porphyrin unit 
as a free-base) in 86% (23.0 mg) as a dark solid. 
H2PΦ-ZnPc (64) 
 According to the general procedure, dyad ZnPΦ-ZnPc 63 (29.9 mg, 20.8 µmol) in CH2Cl2 
(4.8 mL) was treated with concentrated H2SO4 (0.48 mL) to yield dyad 64 (with the porphyrin unit 
as a free-base) in 51% (14.7 mg) as a dark solid. 
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General procedure for metallation of the porphyrin moiety of dyads 53, 60 and 64 with 
palladium(II): 
 A solution of a dyad in 4:1 CHCl3-MeOH was stirred with an excess of palladium(II) acetate 
(1.2 equiv) at 60 ºC, under inert atmosphere. Further portions of palladium(II) acetate were added 
to the reaction mixture, until the TLC confirmed the full conversion of the starting material to the 
desired complex. The reaction mixture upon cooling to room temperature was filtered through a 
short plug of Celite®, washed with water and extracted with CHCl3. Then, the organic layer was 
dried (Na2SO4), the solvent was removed under diminished pressure and the residue was 
submitted to column chromatography (silica gel) using a mixture of hexane/THF as the eluent. After 
removing the solvents under reduced pressure, the residue was washed with MeOH.  
PdP-ZnPc (55) 
 According to the general procedure, dyad H2P-ZnPc 53 (12.0 mg, 8.7 µmol) in 4:1 CHCl3-
MeOH (1.8 mL) was metallated using palladium(II) acetate (2.4 mg, 10.7 µmol) to give dyad PdP-
ZnPc 55 in 71% yield (9.2 mg, dark solid), after column chromatography (silica gel) using a 3:1 
mixture of hexane/THF as the eluent. 
PdQP-ZnPc (61) 
 According to the general procedure, dyad H2QP-ZnPc 60 (23.0 mg, 16.8 µmol) in 4:1 
CHCl3-MeOH (3.5 mL) was metallated using palladium(II) acetate (4.5 mg, 20.0 µmol) to give dyad 
PdQP- ZnPc 61 in 54% yield (13.4 mg, dark solid), after column chromatography (silica gel) using a 
3:1 mixture of hexane/THF as the eluent. 
PdPΦ-ZnPc (65) 
 According to the general procedure, dyad H2PΦ-ZnPc 64 (15.2 mg, 11.1 µmol) in 4:1 
CHCl3-MeOH (1.8 mL) was metallated using palladium(II) acetate (3.3 mg, 14.7 µmol) to give dyad 
PdPΦ-ZnPc 65 in 47% yield (7.7 mg, dark solid), after column chromatography (silica gel) using a 
3:1 mixture of hexane/THF as the eluent. 
 
Synthesis of ZnP-ZnPc (54) by metallation with zinc(II): 
 A solution of dyad H2P-ZnPc 53 (25.6 mg, 18.6 µmol) in 2:1 CHCl3-MeOH (3.0 mL) was 
stirred with an excess of zinc(II) acetate dihydrate (8.9 mg, 40.5 µmol, 2.0 equiv) at 65 ºC. After 20 
min, the reaction mixture was washed with water, extracted with CHCl3 and the organic layer dried 
(Na2SO4). The solvent was removed and the residue was submitted to column chromatography 
(silica gel) using a 2:1 mixture of hexane/dioxane as the eluent. Dyad ZnP-ZnPc 54 was obtained 
in 65% yield (17.4 mg, dark solid), after being washed with MeOH. 
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Structural characterisation of the dyads: 
 
MP-ZnPc (52-55) 
NiP-ZnPc (52): M.p. > 300 ºC. UV/Vis (THF): λmax (log 
ε) = 349 (4.8), 415 (5.0), 585 (4.2), 628 (4.5), 697 (5.2) 
nm. 1H NMR (500.13 MHz, THF-d8): δ 1.78-1.87 [m, 27 
H, C(CH3)3], 7.20-8.90 (m, 32 H, Pc-α-H, Pc-β-H and 
Por-Ph-H), 9.17-9.66 (m, 8H, Por-β-H and 3-H) ppm. 
HRMS (MALDI-TOF, Dithranol): m/z calcd for 
C88H67N13NiZn [M]+.: 1427.4282, found: 1427.4268. 
H2P-ZnPc (53): M.p. > 300 ºC. UV/Vis (Toluene): λmax (log ε) = 350 (4.6), 413 (4.8), 523 (4.2), 577 
(3.9), 632 (4.2), 704 (4.8) nm. HRMS (MALDI-TOF, Dithranol): m/z calcd for C88H69N13Zn [M]+.: 
1371.5085, found: 1371.5088. 
ZnP-ZnPc (54): M.p. > 300 ºC. UV/Vis (THF): λmax (log ε) = 348 (4.2), 416 (4.5), 569 (3.7), 599 
(3.6), 630 (3.9), 699 (4.6) nm. 1H NMR (500.13 MHz, THF-d8): δ 1.81-1.86 [m, 27 H, C(CH3)3], 
7.51-9.10 (m, 32 H, Pc-α-H, Pc-β-H and Por-Ph-H), 9.29-9.61 (m, 8H, Por-β-H and 3-H) ppm. 
HRMS (MALDI-TOF, Dithranol): m/z calcd for C88H67N13Zn2 [M]+.: 1433.4220, found: 1433.4171. 
PdP-ZnPc (55): M.p. > 300 ºC. UV/Vis (Toluene): λmax (log ε) = 352 (4.7), 412 (5.1), 500 (4.3), 580 
(4.2), 631 (4.5), 702 (5.1) nm. HRMS (MALDI-TOF, Dithranol): m/z calcd for C88H67N13ZnPd [M]+.: 
1477.3976, found:  1477.3988. 
 
MQP-ZnPc (59-61) 
ZnQP-ZnPc (59): M.p. > 300 ºC. UV/Vis (Toluene): λmax 
(log ε) = 350 (4.7), 410 (4.6), 463 (5.0), 612 (4.5), 646 
(4.6), 688 (5.1) nm. 1H NMR (300.13 MHz, THF-d8 + Py-
d5): δ 1.17-1.46 [m, 27 H, C(CH3)3], 7.16-8.00 (m, 16  H, 
Ph-5,10,15-m,p-H, 3-H, 2’-H, 4’-H and Pc-β-H), 8.12-
8.40 (m, 8 H, Ph-5,10,15-o-H, 3’-H, Por-β-H), 8.58-8.87 
(m, 4 H, Por-β-H), 9.24-10.01 (m, 10H, 5´-H, 18-H and 
Pc-α-H) ppm. HRMS (MALDI-TOF, Dithranol): m/z calcd 
for C88H65N13Zn2 [M]+.: 1431.4063, found: 1431.4054. 
H2QP-ZnPc (60): M.p. > 300 ºC. UV/Vis (Toluene): λmax (log ε) = 350 (4.6), 415 (4.8), 453 (4.6), 
613 (4.4), 675 (4.8), 689 (4.9) nm. HRMS (MALDI-TOF, Dithranol): m/z calcd for C88H67N13Zn [M]+.: 
1369.4928, found: 1369.4904. 
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PdQP-ZnPc (61): M.p. > 300 ºC. UV/Vis (Toluene): λmax (log ε) = 352 (4.7), 415 (4.9), 451 (4.8), 
475 (4.6), 623 (4.5), 688 (5.0) nm. HRMS (MALDI-TOF, Dithranol): m/z calcd for C88H66N13PdZn 
[M+H]+: 1472.3893, found: 1472.3862. 
 
MPΦ-ZnPc (63-65) 
ZnPΦ-ZnPc (63): M.p. > 300 ºC. UV/Vis (THF): 
λmax (log ε) = 350 (5.4), 417 (5.8), 516 (4.8), 554 
(4.6), 620 (5.0), 689 (5.7) nm. 1H NMR (500.13 
MHz, THF-d8): δ 1.78-1.86 [m, 27 H, C(CH3)3], 
7.70-7.86 (m, 9 H, Ph-10,15,20-m,p-H), 7.98-8.09 
(m, 2 H, Ph-5-m-H), 8.13-8.50 (m, 12 H, Pc-β-H 
and Ph-o-H), 8.70-9.15 (m, 8 H, Por-β-H), 9.32-
9.61 (m, 8 H, Pc-α-H) ppm. HRMS (MALDI-TOF, Dithranol): m/z calcd for C88H67N13Zn2 [M+H]+: 
1433.4220, found: 1433.4258. 
H2PΦ-ZnPc (64): M.p. > 300 ºC. UV/Vis (Toluene): λmax (log ε) = 353 (4.8), 421 (5.4), 516 (4.2), 
555 (4.0), 620 (4.5), 689 (2.8) nm. MS (MALDI, Dithranol): m/z = calcd for C88H69N13Zn [M]+.: 
1371.5, found: 1371.5. 
PdPΦ-ZnPc (65): M.p. > 300 ºC. UV/Vis (Toluene): λmax (log ε) = 353 (4.7), 420 (5.4), 525 (4.4), 
561 (4.3), 689 (5.0) nm. HRMS (MALDI-TOF): m/z = calcd for C88H67N13PdZn [M]+.: 1473.3971, 
found: 1473.3923. 
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Concluding remarks  
 
 The synthesis and the study of the photophysical and biological properties of systems 
containing phthalocyanine macrocycles are the main objectives of the work described in this thesis. 
In chapter 1 is reported the synthesis and characterisation of phthalocyanines bearing four or eight 
D-galactose units (phthalocyanines 3, 9 and 12) as well as their capability for tumour cell 
photokilling. The photophysical properties and the in vitro photodynamic activities of the 
compounds revealed that the asymmetric glycophthalocyanine 12 is highly efficient to 
photodamage tumour cells by targeting, among other cellular components, microtubules which are 
directly implicated in cell division. We can conclude that phthalocyanine 12 should be considered 
as an excellent candidate drug for PDT. 
 
 
 
  In addition, MALDI-MS/MS studies of the two pairs of isomeric phthalocyanines, 2/11 and 
3/12, are also reported in chapter 1. The MALDI-MS/MS spectra were analysed and different 
fragmentation pathways are observed depending on the distribution of the sugar units. Ions 
correspondent to the loss of neutral fragments with 230 Da or 150 Da, respectively for protected or 
unprotected galactose residues, are mainly observed for the asymmetric phthalocyanines (11 and 
12). 
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 The synthesis of supramolecular systems of phthalocyanines attached to cyclodextrins or 
[60]fullerene are described in chapter 2. Two different approaches were developed: the first 
involved the synthesis of ruthenium(II) phthalocyanines bearing axially β- or γ-cyclodextrin 
monofunctionalised with pyridyl derivatives (24-27); and the second, the synthesis of zinc(II) 
phthalocyanine-β/γ-cyclodextrin dyads (33/34), which were successfully obtained by "click 
chemistry" reaction. 
  
 
 
 In this chapter is also reported the synthesis of the zinc(II) phthalocyanine-[60]fullerene 
dyad (38), in which the two units are directly connected by the nitrogen atom of the pyrrolidine. The 
synthetic methodology involved an unusual first step, a reductive amination reaction, that led to the 
intermediate glycine-phthalocyanine (Pc-Gly); the following step consisted in the standard 1,3-
dipolar cycloaddition of [60]fullerene with the azomethine ylide generated in situ from the reaction 
of Pc-Gly with formaldehyde. In the view of future research, photophysical properties of all the 
assembles described in this chapter are expected to give promising results in the field of 
supramolecular chemistry. 
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 In chapter 3 different types of N-linked porphyrin-phthalocyanine dyads, in which both 
macrocycles are connected either through the meso phenyl group (MPΦ-ZnPc) or the β-pyrrolic 
position (MP-ZnPc, MQP-ZnPc) of the porphyrin, are presented. Different synthetic approaches 
were followed for the preparation of the dyads, one of them involved palladium catalysed amination 
reactions and the other the classical statistical cross-condensation of two differently substituted 
phthalonitriles. 
 
 
 
 Photophysical studies revealed that porphyrin-to-phthalocyanine energy transfer processes 
occur in dyads ZnP-ZnPc (54) and ZnPΦ-ZnPc (63), and the transduction of singlet excited state 
energy prevails regardless of linkage to the β-pyrrolic or the meso positions. In chapter 3 is also 
studied the performance of dyads PdP-ZnPc (55) and PdQP-ZnPc (61) in acidic conditions. The 
addition of trifluoroacetic acid to toluene solutions of both dyads give rise to distinct species that 
can be detected by UV/Vis absorption spectroscopy. Furthermore, a reduction in the photoactivity 
of the dyads is observed as the concentration of protons increase. 
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 Finally, in chapter 3 the photoinduced energy and electron transfer processes in 
supramolecular systems formed by coordination of dyads PdP-ZnPc (55) and PdQP-ZnPc (61) 
with a pyridylfullerene derivative (Py-C60) are also reported. The photophysical measurements 
suggest a sequential deactivation of the photoexcited PdP-ZnPc•Py-C60 and PdQP-ZnPc•Py-C60, 
namely an initial intramolecular energy transfer from PdP to ZnPc followed by an intramolecular 
charge transfer to yield PdP-(ZnPc)•+-(C60)•- and PdQP-(ZnPc)•+-(C60)•-, respectively. 
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Annex 1 
 
Single-crystal X-ray diffraction studies of compound 56 
Schematic representation of the molecular unit of compound 56 showing the labelling scheme for 
all non-hydrogen atoms. Thermal ellipsoids are drawn at the 50% probability level and hydrogen 
atoms are represented as small spheres with arbitrary radii. 
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Two perspective views of the dimers in compound 56. 
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Crystal packing of compound 56 viewed in perspective along the [010] crystallographic direction. 
Adjacent dimers are represented in different colour. 
 
 
 
Annex 1 
 
210 
 
Crystal and structure refinement data for compound 56 
 
Empirical formula  C104H62N14Zn2 
 
Formula weight  1638.48  
Temperature  100(2) K  
Wavelength  1.54178 Å  
Crystal system  Monoclinic  
Space group  C 2/c  
Unit cell dimensions a = 39.3525(10) Å α = 90°. 
 b = 12.5353(3) Å β = 124.456(3)°. 
 c = 23.2919(8) Å γ = 90°. 
Volume 4060.4(2) Å3  
Z 4  
Density (calculated) 1.483 Mg/m3  
Absorption coefficient 4.207 mm-1  
F(000) 4304  
Crystal size 0.32 x 0.18 x 0.12 mm3  
Theta range for data collection 2.72 to 54.39°.  
Index ranges -41 ≤ h ≤ 41, -12 ≤ k ≤ 13, -23 ≤ l ≤24 
Reflections collected 70538  
Independent reflections 5816 [Rint = 0.0606]  
Completeness to theta = 25.35° 99.6 %   
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.6322 and 0.0660  
Refinement method Full-matrix least-squares on F2  
Data / restraints / parameters 5816 / 19 / 635  
Goodness-of-fit on F2 1.038  
Final R indices [I>2sigma(I)] R1 = 0.0742, wR2 = 0.1931 
 
R indices (all data) R1 = 0.0933, wR2 = 0.2094 
 
Largest diff. peak and hole 2.985 and -0.837 e.Å-3  
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Annex 2 
 
Single-crystal X-ray diffraction studies of compound 58 
Schematic representation of the molecular unit of compound 58 showing the labelling scheme for 
all non-hydrogen atoms. Thermal ellipsoids are drawn at the 50% probability level and hydrogen 
atoms are represented as small spheres with arbitrary radii. 
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Crystal packing of compound 58 viewed in perspective along the [100] crystallographic direction. 
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 Crystal and structure refinement data for compound 58 
 
Empirical formula  C52H31N7 
 
Formula weight  753.84  
Temperature  100(2) K  
Wavelength  0.71073 Å  
Crystal system  Monoclinic  
Space group  P 21/c  
Unit cell dimensions a = 14.1033(4) Å α = 90°. 
 b = 14.2005(4) Å β = 104.800(2)°. 
 c = 20.9702(6) Å γ = 90°. 
Volume 4060.4(2) Å3  
Z 4  
Density (calculated) 1.233 Mg/m3  
Absorption coefficient 0.074 mm-1  
F(000) 1568  
Crystal size 0.18 x 0.08 x 0.04 mm3  
Theta range for data collection 3.60 to 25.35°.  
Index ranges -16 ≤ h ≤ 9, -17 ≤ k ≤ 17, -25 ≤ l ≤ 25 
Reflections collected 32602  
Independent reflections 7395 [Rint = 0.0858]  
Completeness to theta = 25.35° 99.6 %   
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9970 and 0.9867  
Refinement method Full-matrix least-squares on F2  
Data / restraints / parameters 7395 / 0 / 532  
Goodness-of-fit on F2 1.019  
Final R indices [I>2sigma(I)] R1 = 0.0545, wR2 = 0.1011 
 
R indices (all data) R1 = 0.1417, wR2 = 0.1269 
 
Largest diff. peak and hole 0.477 and -0.266 e.Å-3  
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